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Summary*
The b i o s y n t h e s i s  o f  s e s q u i t e r p e n e i d s  i n  A n d ro g ra p h is  
p a n i c u l a t a  c a l l u s  t i s s u e  c u l t u r e s  and i n  a  d e r iv e d  c e l l - f r e e  
sy s tem  h a s  been  i n v e s t i g a t e d .  The mechanism o f  t r a n s sc i s  
i s o m e r i s a t i o n  o f  t h e  C -2 , C-3 d o u b le  bond o f  f a m e s o l  was 
shown n o t  to  in v o lv e  t h e  a ld e h y d e s  a s  i n t e r m e d i a t e s .  The 
mode o f  c y c l i s a t i o n  o f  f a r n e s y l  p y ro p h o sp h a te  i n  t h e  f o r ­
m a t io n  o f  t h e  b i s a b o la n e  s e s q u i t e r p e n o i d s ,  p a n i c u l i d e s  A, B 
and C, h a s  been  e l u c i d a t e d  by  a  c o m b in a t io n  o f  and 
r a d i o a c t i v e  t r a c e r  t e c h n i q u e s .  C y c l i s a t i o n  o f  2- c i s ,
6- 1 r a n s - f a r n e s y 1 p y ro p h o sp h a te  p ro d u c e s  Z -Y -b is a b o le n e  
w h ich  i s  o x y g en a ted  by t h e  c u l t u r e s  to  t h e  p a n ic u l id e s *
The r o l e  o f  t h e  amino a c id  l e u c i n e  i n  t e r p e n o i d  b io ­
s y n t h e s i s  h a s  been  s t u d i e d .  I t  was shown t h a t  i n c o r p o r a t i o n  
o f  r a d i o a c t i v i t y  f rom  l a b e l l e d  l e u c i n e  i n t o  t e r p e n o i d s  t a k e s  
p l a c e  v i a  breakdown to  a c e t y l  coenzyme A and a c e t o a c e t a t e ,  
and t h a t  i n  t h i s  c a s e ,  i s o p r e n o id s  a r e  p roduced  by t h e  
e s t a b l i s h e d  r o u t e  v i a  m e v a lo n a te .
The p re s e n c e  o f  t h e  enzyme l e u c i n e  2 ,3 -am ino  m utase  h a s  
b e en  d e m o n s tra te d  i n  t h e  c e l l - f r e e  sy s te m . The (3 -leu c in e  
p roduced  by t h i s  enzyme h a s  t h e  ( 3 S ) - c o n f i g u r a t i o n .  The 
r e a c t i o n  i s  r e v e r s i b l e  and d o e s  n o t  depend  on coenzyme B12*
G e n e ra l  I n t r o d u c t io n *
The o r i g i n  o f  p l a n t  t i s s u e  c u l t u r e  may be t r a c e d  back  
t o  t h e  b e g in n in g  o f  t h i s  c e n t u r y .  I n  1902 H a b e r la n d t  
p ro p o sed  t h a t  i t  may be p o s s i b l e  to  c u l t u r e  i s o l a t e d  vege­
t a t i v e  c e l l s  o f  h i g h e r  p l a n t s  i n  s im p le  n u t r i e n t  s o l u t i o n s  
and t h a t  each  c e l l  sh o u ld  be g e n e t i c a l l y  c a p a b le  o f  g i v in g  
r i s e  to  a  com ple te  p l a n t  o f  t h e  ty p e  from  w hich  t h e  c u l t u r e  
had  o r i g i n a t e d  ( 1 ) .  He r e a l i s e d  t h a t  su ch  c u l t u r e s  sh o u ld  
g iv e  i n s i g h t  i n t o  t h e  p r o p e r t i e s  w hich  t h e  c e l l  p o s s e s s e s  
a s  a  fu n d am e n ta l  u n i t .  However, i t  was n o t  u n t i l  1937 t h a t  
G a u th e r e t  and W hite in d e p e n d e n t ly  su c ce ed e d  i n  e s t a b l i s h i n g  
c u l t u r e s  o f  p l a n t  c e l l s  w hich  w ere c a p a b le  o f  g ro w th  f o r  
p ro lo n g e d  p e r io d s  ( 2 ,3 ) «
The te rm  t i s s u e  c u l t u r e  i s  n o rm a l ly  u se d  a s  an  i n c l u s i v e  
te rm  t o  c o v e r  th e ' c u l t u r e  o f  a l l  t y p e s  o f  p l a n t  t i s s u e s *
Two main d i v i s i o n s  o f  t h e  s u b j e c t  may be made; o rg a n  c u l t u r e ,  
w here  th e  t i s s u e ,  v/hen grown i n  v i t r o , r e t a i n s  t h e  m orphol­
ogy and o r g a n i s a t i o n  o f  th e  p l a n t  p a r t  from  w hich  i t  o r i g i n ­
a t e d ,  f o r  example r o o t  c u l t u r e ;  c a l l u s  c u l t u r e ,  w here  t h e  
t i s s u e  grows a s  a  mass o f  m o s t ly  u n d i f f e r e n t i a t e d  c e l l s  i n  
w h ich  t h e r e  i s  l i t t l e  s t r u c t u r a l  o r g a n i s a t i o n .  The p r e s e n t  
work w i l l  be conce rn ed  e x c l u s i v e l y  w i th  c a l l u s  c u l t u r e s .  
P r o t o p l a s t  c u l t u r e s  have a l s o  r e c e iv e d  a t t e n t i o n  i n  r e c e n t  
y e a r s  ( 4 ) .  In  t h i s  t e c h n iq u e ,  c e l l s  a r e  grown w i th o u t  c e l l  
w a l l s  i n  a  medium whose o sm o tic  p o t e n t i a l  i s  c a r e f u l l y  con­
t r o l l e d .  T echn iques  f o r  t h e  i n i t i a t i o n  and m a in te n a n c e  o f  
p l a n t  t i s s u e  c u l t u r e s  a r e  d e s c r ib e d  i n  a  number o f  e x c e l l e n t  
m onographs and re v ie w s  (5 -9 )*
F o r  t h e  c h e m is t ,  t h e  i n t e r e s t  i n  p l a n t  t i s s u e  c u l t u r e  
l i e s  i n  two main a r e a s .  The p r o d u c t io n  o f  m e d i c i n a l l y
u s e f u l  se co n d a ry  m e t a b o l i t e s  by t i s s u e  c u l t u r e  m ethods, 
i f  a t t a i n a b l e  on an i n d u s t r i a l  s c a l e ,  would have s e v e r a l  
a d v a n ta g e s  o v e r  t h e  t r a d i t i o n a l  m ethods o f  p l a n t  
c u l t i v a t i o n  (10 )*  U s e fu l  compounds m igh t be p rodu ced  
i n  a  c o n t r o l l e d  env iron m en t,  in d e p e n d e n t  o f  c l i m a t i c  
c o n d i t i o n s .  S in c e  t h e r e  i s  l i t t l e  s e a s o n a l  v a r i a t i o n  i n  
c u l t u r e d  c e l l s ,  a  c o n s t a n t  su p p ly  o f  raw m a t e r i a l  o f  
a s s u r e d  q u a l i t y  would be o b t a i n e d .  C u l t u r e s  o f  p l a n t s  
from  many d i f f e r e n t  g e o g ra p h ic a l  l o c a t i o n s  c o u ld  be grown 
u n d e r  s i m i l a r  c o n d i t i o n s  and t h e i r  m e tab o lism  r e g u l a t e d  
t o  optimum p ro d u c t io n  o f  t h e  d e s i r e d  compound. A l l  o f  
t h e s e  f a c t o r s  shou ld  le a d  to  an  im provem ent i n  p r o d u c t i v i t y  
and a  r e d u c t io n  i n  th e  c o s t  o f  raw m a t e r i a l s  f o r  t h e  
p h a rm a c e u t ic a l  i n d u s t r y .  However, t h e  method h a s  n e v e r  
been  u se d  on a  s i g n i f i c a n t  i n d u s t r i a l  s c a l e  f o r  e i t h e r  
t h e  de novo s y n t h e s i s  o f  m e d ic in a l  p l a n t  p r o d u c t s  ( 1 1 ,1 2 ) ,  
o r  t h e  b io t r a n s f o r m a t io n  o f  more advanced  b u t  a c c e s s i b l e  
i n t e r m e d i a t e s  (1 3 ,1 4 )*
C u l tu r e s  which show a  s u f f i c i e n t l y  h ig h  g row th  r a t e  
combined w i th  a  h ig h  y i e l d  o f  m e t a b o l i t e  a r e  v e ry  r a r e .
Kadioimmunoassay te c h n iq u e s  have been d e v e lo p ed  w hich  mane 
p o s s i b l e  th e  r a p i d  q u a n t i t a t i v e  a s s a y  o f  m e t a b o l i t e  l e v e l s  
i n  l a r g e  numbers o f  v e ry  sm a ll  c e l l  p o p u l a t i o n s ,  t h u s  a i d i n g  
t h e  i d e n t i f i c a t i o n  o f  m a t e r i a l  w hich  i s  s u i t a b l e  f o r  f u r t h e r  
s tu d y .  The a p p l i c a t i o n  o f  t h e s e  m ethods to  t h e  s e l e c t i o n  o f  
h ig h  y i e l d i n g  s t r a i n s  h a s  r e c e n t l y  l e d  t o  t h e  i s o l a t i o n  o f  
c u l t u r e s  i n  w hich  th e  l e v e l  o f  m e t a b o l i t e  i s ,  i n  some c a s e s ,  
s u p e r i o r  to  t h a t  i n  th e  i n t a c t  p l a n t  ( 1 5 , 1 6 ) .  A n o th e r  m a jo r  
o b s t a c l e  i n  a p p ly in g  p l a n t  t i s s u e  c u l t u r e  on an  i n d u s t r i a l  
s c a l e  i s  t h a t  c u l t u r e d  p l a n t  c e l l s  show lo n g - te r m  g e n e t i c
i n s t a b i l i t y  (17)#  T h is  problem  c o u ld  be overcome by 
e s t a b l i s h i n g  banks o f  s to c k  c u l t u r e s  w h ich  c o u ld  be p re s e rv e d  
o v e r  a  p e r io d  o f  some years#  A f r e e z e - s t o r a g e  method h a s  
been  d e v e lo p ed  which may h e lp  s o lv e  t h i s  prob lem  (18 )#
D e s p i t e  r e c e n t  p r o g r e s s ,  much work re m a in s  t o  be done i n  
t h i s  f i e l d  b e fo re  p l a n t  t i s s u e  c u l t u r e s  can  be e x p l o i t e d  by 
t h e  p h a rm a c e u t ic a l  i n d u s t r y  on a  s c a l e  com parab le  to  t h a t  
p o s s i b l e  w i th  m ic r o b ia l  f e r m e n ta t io n s #
The second a r e a  o f  i n t e r e s t  f o r  t h e  c h e m is t  i s  i n  t h e  
s tu d y  o f  b i o s y n t h e t i c  and b io d e g r a d a t iv e  pa thw ays i n  p l a n t  
t i s s u e #  A m ajor problem  i n  t h e  s tu d y  o f  th e  b i o s y n t h e s i s  o f  
s e c o n d a ry  m e ta b o l i t e s  i n  i n t a c t  h i g h e r  p l a n t s  h a s  been  t h e  
.low l e v e l  o r  t o t a l  f a i l u r e  o f  p r e c u r s o r  in c o r p o r a t i o n #
T h ere  a r e  s e v e r a l  p o s s ib l e  c a u s e s  i n c l u d i n g  p ro b lem s  o f  
p e r m e a b i l i t y ,  t r a n s l o c a t i o n ,  and th e  s e g r e g a t i o n  o f  m e ta b o l ic  
p o o l s .  T is s u e  c u l t u r e s  p o s s e s s  a  v e ry  much s im p le r  o r g a n i s ­
a t i o n ,  so t h a t  compared w i th  h i g h e r  p l a n t s  t h e s e  p ro b lem s 
sh o u ld  be g r e a t l y  re d u c e d .  They can  be grown u n d e r  s t a n d a r d  
c o n d i t i o n s ,  have s h o r t  growth c y c l e s  and show l i t t l e  s e a so n ­
a l  v a r i a t i o n .  I n c o r p o r a t io n  and tu r n o v e r  o f  l a b e l l e d  
p r e c u r s o r s  can  be s tu d ie d  o v e r  s h o r t  p e r i o d s  o f  t im e  s in c e  
t h e  sy s tem  i s  more dynamic th a n  a  m atu re  p l a n t .  T h is  i s  o f  
p a r t i c u l a r  ad v an tag e  i n  b i o s y n t h e t i c  s t u d i e s .  The s t r i c t  
r e q u i r e m e n t  f o r  s t e r i l i t y  o f  b o th  medium and p l a n t  t i s s u e  
e n s u r e s  t h a t  th e  m e ta b o l ic  a c t i v i t y  o b se rv e d  i s  r e a l l y  a  
p r o p e r t y  o f  th e  p l a n t  t i s s u e  and n o t  o f  m ic ro o rg a n ism s  
a s s o c i a t e d  w i th  i t .  C e l l - f r e e  sy s tem s and p u r i f i e d  enzyme 
p r e p a r a t i o n s  a re  q u i t e  e a s i l y  o b ta in e d  from  c u l t u r e d  c e l l s  
p o s s i b l y  because  o f  th e  ab sen c e  o f  p h e n o ls  and q u in o n e s  
w h ich  c a u se  i n a c t i v a t i o n  o f  enzymes d u r in g  t h e i r  e x t r a c t i o n
CH3N
(1) r1+r2=c h 2 R3-CH3
(3) r1=c h 3 r2=r3=h
NCH-
c h 3n
OCHo CHoO
(2) R =CH.
(4) R =H
NCH.
from  i n t a c t  p l a n t s .  A u n iq u e  a d v a n ta g e  p o s s e s s e d  by c a l l u s  
c u l t u r e s  i s  t h a t  u n d e r  t h e  a p p r o p r i a t e  ho rm onal s t im u lu s  
t h e y  may f r e q u e n t l y  be in d u ced  to  r e g e n e r a t e  a  p l a n t  o rg a n  
o r  a  w hole  p l a n t  w hich  i s  i n  many r e s p e c t s  co m p arab le  to  
t h e  i n t a c t  p l a n t  ( 1 9 ) .  T h i s  c a p a c i t y  o f f e r s  t h e  o p p o r­
t u n i t y  to  s tu d y  m e ta b o l ic  p r o c e s s e s  a t  v a r i o u s  s t a g e s  
o f  d i f f e r e n t i a t i o n .
D e s p i t e  t h e s e  a d v a n ta g e s ,  t i s s u e  c u l t u r e s  h av e  been 
r e l a t i v e l y  l i t t l e  u se d  f o r  b i o s y n t h e t i c  s t u d i e s .  The 
e s t a b l i s h m e n t  o f  a  c u l t u r e  showing good g row th  and v ig o r o u s  
m e ta b o l ism  can  be a  l e n g th y  p r o c e s s  r e q u i r i n g  p e rh a p s  y e a r s  
o f  l a r g e l y  e m p i r i c a l  e x p e r im e n ta t io n  t o  e s t a b l i s h  t h e  
n e c e s s a r y  c u l t u r e  c o n d i t i o n s .  A more s e r i o u s  d i s a d v a n ta g e  
i s  t h a t  t i s s u e  c u l t u r e s  som etim es do n o t  s y n t h e s i s e  th e  
m e t a b o l i t e s  c h a r a c t e r i s t i c  o f  t h e  i n t a c t  p l a n t  o r  do so i n  
o n ly  m in u te  am ounts . I t  m ust a lw ays  be borne  i n  mind t h a t  a  
b i o s y n t h e t i c  scheme w hich h a s  been found  t o  o p e r a t e  i n  a  
t i s s u e  c u l t u r e  may n o t  be e x a c t l y  t h e  same a s  t h a t  w hich  
e x i s t s  i n  t h e  i n t a c t  p l a n t .  The d i f f e r e n c e s  be tw een  t h e  
m e tab o lism  o f  c u l t u r e s  and i n t a c t  p l a n t s  a r e  m ost a p p a r e n t  
when d i f f e r e n t  s u b s ta n c e s  a r e  p ro d u c e d .  These d i f f e r e n c e s  
a r e  m o s t ly  o f  a  m inor n a tu r e  and in v o lv e  o n ly  a  s im p le  
s t r u c t u r a l  change o f  th e  m e t a b o l i t e .  F o r  exam ple , i t  h a s  
been  found  (2 0 )  t h a t  c u l t u r e d  c e l l s  o f  S te p h a n ia  c e n h a r a n th a  
l a c k  t h e  enzymes n e c e s s a r y  f o r  m e th y la t io n  and m e th y le n e d io x y  
g ro up  fo rm a t io n  i n  th e  f i n a l  s t e p s  o f  t h e  b i o s y n t h e t i c  r o u t e  
l e a d i n g  to  th e  b i s c o c l a u r i n e  a l k a l o i d s  c e p h a r a n th in e  ( l )  and 
i s o t e t r a n d r i n e  (2 )  and a cc u m u la te  i n s t e a d  t h e  i n t e r m e d i a t e  
a l k a l o i d s  a ro m o lin e  (3 )  and berbam ine  ( 4 ) .  I n  such  c a s e s  
i t  i s  most u n l i k e l y  t h a t  t h e  e a r l y  s t a g e s  o f  b i o s y n t h e s i s
HO'HO
(5) (6)
HOHO
(7) . (8 )
( 1 0 )
d i f f e r  s i g n i f i c a n t l y  i n  t h e  two sys tem s#  Even i f  t h e  
a s s u m p t io n  i s  w rong, t h i s  i n  no way i n v a l i d a t e s  b io ­
s y n t h e t i c  s t u d i e s  i n  such  c u l t u r e s  w h ich  sh o u ld  be r e g a r d e d  
a s  l e g i t i m a t e  b i o l o g i c a l  sy s tem s f o r  s tu d y  i n  t h e i r  own 
r i g h t .  The u s e f u l n e s s  o f  t i s s u e  c u l t u r e s  i n  t h e  s tu d y  o f  
s e c o n d a ry  m e tab o lism  i n  p l a n t s  i s  i l l u s t r a t e d  i n  t h e  
f o l l o w i n g  s e l e c t e d  exam ples .
I n  w hat a r e  p ro b a b ly  t h e  most e x t e n s i v e  b i o s y n t h e t i c  
i n v e s t i g a t i o n s  to  d a te  w i th  p l a n t  t i s s u e  c u l t u r e s ,  O u r i s s o n ,  
B e n v e n is te  and t h e i r  c o l l e a g u e s  have  s t u d i e d  t h e  b io ­
s y n t h e s i s  o f  p l a n t  s t e r o l s ,  u s i n g  t i s s u e s  o f  N i c o t i a n a  
t a b a c u c v  ( to b a c c o )  and Rubus f r u t i c o s u s , ( b r a m b le ) .
L a n o s t e r o l  (£ )  h a s  been shown t o  be t h e  p r e c u r s o r  o f  
s t e r o i d s - i n  a n im a ls  and f u n g i  ( 2 1 ) ,  b u t  i t  h a s  n e v e r  been  
fo u n d  i n  h i g h e r  p l a n t s .  The f r e q u e n t  o c c u r r e n c e  o f  c y c l o -  
a r t e n o l  ( 6 ) ,  24-met h y l e n e c y c l o a r t a n o l  ( 7 ) and c y c l o e u c a l e n o l  
( 8 ) i n  p h o t o s y n t h e t i c  p l a n t  t i s s u e s  h a s  l e d  to  t h e  s u g g e s t ­
i o n  t h a t  9p, 19p - c y c l o p r o p y l s t e r o l s  may t a k e  t h e  p l a c e  o f  
l a n o s t e r o l  i n  p l a n t  s t e r o l  b i o s y n t h e s i s  ( 2 2 , 2 3 ) *
I n c u b a t io n  o f  [ 1 - ^ C  ] a c e t a t e  o r  [ ^ G E j  ]m e th io n in e  w i th  
to b a c c o  t i s s u e  c u l t u r e s  f o r  a s  s h o r t  a  t im e  a s  f i v e  m in u te s  
r e s u l t e d  i n  i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  i n t o  i n t e r ­
m e d ia te s  o f  s t e r o l  b i o s y n t h e s i s  ( 2 4 , 2 5 ) .  L a n o s t e r o l  c o u ld  
n o t  be d e t e c t e d ,  w h i le  c y c l o a r t e n o l  was r a p i d l y  and h e a v i l y  
l a b e l l e d  a l th o u g h  i t  v.'as p r e s e n t  o n ly  i n  m in u te  concen­
t r a t i o n s .  I t  was p o s s i b l e  t o  i d e n t i f y ,  i n  a d d i t i o n  to  
p h y t o s t e r o l s ,  sq u a le n e  (2. ) ,  c y c l o a r t e n o l  ( 6 ) ,  2 4 -m e th y l-  
e n e c y c l o a r t a n o l  ( 7 ) ,  2 4 -m e th y le n e lo p h e n o l  ( 1 0 ) and i t s  
e t h y l i d e n e  hom ologue, and to  show t h a t  t h e  o r d e r  o f  l a b e l l i n g  
was s q u a le n e ,  c y c l o a r t e n o l  2 4 -m e th y le n e lo p h e n o l  and
(8)
HO
(13)
p h y t o s t e r o l s *  C y c lo e u c a le n o l  (8 )  and o b t u s i f o l i o l  (1 1 )  w ere 
s u b s e q u e n t ly  a l s o  i d e n t i f i e d  i n  to b a c c o  t i s s u e  c u l t u r e s  and 
w ere  shown (2 6 )  to  i n c o r p o r a t e  l a b e l  from  [ l - ^ C  l a c e t a t e ,  
s u p p o r t i n g  t h e i r  p o s s i b l e  r o l e  a s  i n t e r m e d i a t e s  i n  p h y to ­
s t e r o l  b i o s y n t h e s i s .
When [25— ] c y c l o a r t e n o l  was in c u b a te d  w i th  to b a c c o  
t i s s u e  c u l t u r e s  i t  was c o n v e r te d  i n t o  a l l  t h e  p h y t o s t e r o l s  
p r e v i o u s l y  found  to  be p roduced  from  a c e t a t e  (2 7 )*  l a n o ­
s t e r o l  was m e ta b o l i s e d  to  2 4 - m e th y le n e la n o s t - 8 - e n o l  (1 2 )  
and o b t u s i f o l i o l  ( 1 1 ) ,  bu t  t h i s  can  p ro b a b ly  be a s c r i b e d  t o  
a  l a c k  o f  s p e c i f i c i t y  i n  t h e  enzymes r e s p o n s i b l e  f o r  0 -2 4  
m e t h y l a t i o n  and 0 -4  d e m e th y la t io n *  Thus c y c l o a r t e n o l  and 
n o t  l a n o s t e r o l  must p l a y  a  c e n t r a l  r o l e  i n  p l a n t  s t e r o l  
b i o s y n t h e s i s .
A key  s t e p  i n  t h e  b i o s y n t h e t i c  pathw ay must in v o lv e  
c le a v a g e  o f  th e  19/9c y c lo p ro p a n e  r i n g .  The p r e s e n c e  
o f  c y c lo e u c a l e n o l  (8 )  and o b t u s i f o l i o l  (1 1 )  s u g g e s t s  t h a t  
t h e  fo rm e r  may be t h e  s u b s t r a t e  i n  t h i s  s t e p .  The enzyme 
w h ich  o p ens  t h e  c y c lo p ro p a n e  r i n g  h a s  been o b ta in e d  (2 8 )  i n  
m ic ro so m al p r e p a r a t i o n s  from  to b a c c o  and bram ble  t i s s u e s .
4 . 4 - D i m e t h y l s t e r o l s  a r e  v e ry  p o o r  s u b s t r a t e s ,  w h i le  c y c lo ­
e u c a le n o l  (8 )  and 2 4 - m e t h y le n e p o l l i n a s t a n o l  (1 3 )  a r e  good 
s u b s t r a t e s ,  w hich  s u g g e s t s  t h a t  t h e  4 P -n ie th y l g ro u p  o f
4 . 4 - d i m e t h y l s t e r o l s  i n h i b i t s  t h e  enzyme. S in c e  n e i t h e r  
c y c l o a r t e n o l  n o r  2 4 - m e th y le n e c y c lo a r ta n o l  i s  a  s u b s t r a t e ,  
t h e  m a jo r  pathw ay l e a d i n g  to  p h y t o s t e r o l s  p ro b a b ly  d o e s  
n o t  i n v o lv e  l a n o s t e r o l  o r  2 4 - m e t h y le n e l a n o s t e r o l .  These  
r e s u l t s ,  t a k e n  w i th  o t h e r  r e l e v a n t  i n f o r m a t i o n ,  have  l e d  
t o  t h e  c o n c lu s io n  t h a t  p h y t o s t e r o l  b i o s y n t h e s i s  d o e s  n o t  
f o l lo w  a  u n iq u e  r o u t e  b u t  can  p ro c e e d  by a  number o f
o
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i n t e r r e l a t e d  r o u t e s  a s  shown i n  scheme 1 .  A s i m i l a r  m eta­
b o l i c  g r i d  h a s  been p ro p o sed  f o r  y e a s t  s t e r o l  b i o s y n t h e s i s
( 2 9 ) .
A c e l l - f r e e  sy s tem  p re p a re d  from  b ram ble  t i s s u e  c u l t u r e s  
h a s  been shown (3 0 )  to  i n c o r p o r a t e  l a b e l  from  [ 2 - ^ C ]  
m e v a lo n a te  (1 4 )  i n t o  sq u a le n e  (9 )  i n  t h e  p re s e n c e  o f  a  
number o f  c o f a c to n s  i n c l u d i n g  re d u c e d  n i c o t in a m id e  a d e n in e  
d i n u c l e o t i d e  (NADH). However, when t h e  c o f a c t o r  was 
o m i t t e d  from  t h e  i n c u b a t i o n ,  sq u a le n e  was o n ly  p o o r ly  
l a b e l l e d ,  i h e  p ro d u c t  o f  t h e  second  e x p e r im e n t  was i d e n ­
t i f i e d  a s  p r e s q u a le n e  p y ro p h o sp h a te  ( 1 5 ) ,  w hich  was i s o l a t e d  
a s  t h e  c o r r e s p o n d in g  a l c o h o l  (1 6 )  a f t e r  h y d r o l y s i s  by 
a l k a l i n e  p h o s p h a ta s e  (E G 3*1*3»1)* P r e s q u a le n e  p y ro p h o s­
p h a te  h a s  a l s o  been im p l i c a te d  i n  a n im a l  s t e r o i d  b i o s y n t h e s i s  
and i t  i s  p ro b a b ly  t h e  i n t e r m e d i a t e  be tw een  2- t r a n s , 6- t r a n s -  
f a r n e s y l  p y ro p h o sp h a te  (1 7 )  and s q u a le n e  (<})•
The c y c l i s a t i o n  o f  s q u a le n e  i n  a n im a l  sy s tem s  i s  known
t o  p ro ce ed  v i a  (3 B ) -2 ,  3 - o x id o s q u a le n e  (18 )*  The s y n t h e s i s
o f  t h i s  i n t e r m e d i a t e  i n  to b a c c o  t i s s u e s  h a s  been d e m o n s t r a te d
(3 1 )  by t r a p p i n g  e x p e r im e n ts  i n  w hich  r a d i o a c t i v i t y  from  
14[ 1 -  C ] a c e t a t e  was d e t e c t e d  i n  added o x id o s q u a le n e .  I t  
was a l s o  shown t h a t  2, 3 -o x id o  s q u a le n e  was c o n v e r te d  i n t o  
c y c l o a r t e n o l  (6 )  and 2 4 - m e th y le n e c y c lo a r ta n o l  (7 )  b u t  n o t  
i n t o  l a n o s t e r o l  (j?) by b o th  to b a c c o  (3 2 )  and b ram ble  (3 3 )  
c u l t u r e s #
T r i t e r p e n o i d  b i o s y n t h e s i s  h a s  been s t u d i e d  by T o m ita  
and  h i s  c o l l e a g u e s  u s i n g  c u l t u r e s  o f  I so d o n  . ja p o n ic u s #
T h e i r  e x p e r im e n ts  e x p l o i t  t h e  h ig h  i n c o r p o r a t i o n s  o f  p r e ­
c u r s o r s  o b t a i n a b l e  w i th  t i s s u e  c u l t u r e s  t o  s tu d y  t h e  
l a b e l l i n g  p a t t e r n  i n  s e c o n d a ry  m e t a b o l i t e s  o f  h i g h e r  p l a n t s
HOH^ co 2h 
(19)
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by G M R s p e c t r o s c o p y .  I n c o r p o r a t i o n  (3 4 )  o f  [ 4 -  ^0]
m e v a lo n a te  (1 9 )  i n t o  o l e a n o l i c  ( 2 0 ) ,  m a s l i n i c  (2 1 )  and
3- e p i - m a s l i n i c  (2 2 )  a c i d s  showed i n  t h e  NMR s p e c t r a
o f  t h e  m e th y l  e s t e r  d e r i v a t i v e s  enhancem ent o f  t h e  s i g n a l s
a s s ig n e d  t o  0 - 3 ,  0 - 5 ,  C -9 , C -13, 0 -1 8  and 0 -19  • T h is  r e s u l t
i s  i n  a c c o rd a n c e  w i th  t h e  f o r m a t io n  o f  p -a m y r in  from
s q u a le n e  a s  i n d i c a t e d  i n  scheme 2*
L a t e r  work ( 3 5 ,3 6 )  u se d  [ 1 , 2 - ^ C 2 ] a c e t a t e  to  i n v e s t i g a t e
u r s a n e  b i o s y n t h e s i s  i n  t h e  same c u l t u r e s .  Two pa thw ays (A)
and (B) may be c o n s id e r e d  f o r  t h e  b i o s y n t h e s i s  o f  u r s o l i c
13(2 3 )  and 2 a -h y d r o x y u r s o l i c  (2 4 )  a c i d s  (schem e 3)* The ■'C
NMR s p e c t r a  o f  t h e  m e th y l  e s t e r s  o f  (2 3 )  and (2 4 )  o b t a in e d
from  I s o d o n  n a p o n ic u s  c u l t u r e s  w hich  had  been f e d  w i th  
13[ 1 , 2 -  0 g ] a c e t a t e  showed s i n g l e t s  f o r  t h e  s i g n a l s  a s c r i b e d
t o  0—19 , 0 -2 0 ,  0 -2 1 ,  0—29 and 0 - 3 0 .  T h is  r e s u l t  e x c lu d e s  
an  i n t e r m e d i a t e  o f  ty p e  (2 5 )  from  t h e  b i o s y n t h e t i c  pa thw ay 
w h ich  t h u s  p ro c e e d s  by r o u t e  (A) and n o t  r o u t e  ( B ) .  The 
u r s a n e s  and o le a n a n e s  a r e  t h e r e f o r e  b i o s y n t h e s i s e d  V ia  a  
common i n t e r m e d i a t e  ( 2 6 ) .
A m a jo r  r o u t e  by w hich  a ro m a t ic  compounds a r e  d e g ra d ed  
i n  p l a n t s  h a s  been exam ined i n  d e t a i l  by E l l i s  and by L urand  
and Zenk. A lth o u g h  t h e  h o m o g e n t i s a te  pathw ay f o r  t y r o s i n e  
d e g r a d a t i o n  was w ell-know n  i n  a n im a ls  and i n  m ic ro o rg a n is m s ,  
i t s  u n e q u iv o c a l  d e m o n s t r a t io n  i n  p l a n t  t i s s u e s  v/as d i f f i c u l t  
becau se  o f  t h e  b a c t e r i a  w hich  a r e  a lw ay s  a s s o c i a t e d  w i th  
p l a n t s  and w hich  may be a b l e  t o  m e ta b o l i s e  t y r o s i n e  v e r y  
r a p i d l y  by t h i s  r o u t e .  T i s s u e  c u l t u r e s  o f f e r  a  r e a d y  s o u rc e  
o f  s t e r i l e  p l a n t  t i s s u e  w hich  h a s  a  v ig o r o u s  metabolism*,
[p  - 1 ^G]:ryr o s i ne (2 7 )  was e f f i c i e n t l y  i n c o r p o r a t e d  (3 7 )  i n t o  
t h e  n a p h th a q u in o n e s  p lum bagin  (2 8 )  and 7 - m e th y l ju g lo n e  (2 9 )
(28) (29)
co2 h
n h 2
co2 h
0
HO-
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by c u l t u r e s  o f  D rosophy llum  l u s i t a n i cum. However, d e g r a ­
d a t i o n  r e v e a l e d  t h a t  t h e  l a b e l  from  t y r o s i n e  a p p e a re d  a t  
a l t e r n a t e  c a rb o n  a tom s i n  b o th  m e ta b o l i t e s *  L a b e l  must 
have  been i n c o r p o r a t e d  from  a c e t a t e  v i a  t h e  a c e t a t e -  
m a lo n a te  pathw ay w hich  im p l i e s  t h a t  t y r o s i n e  must h av e  been 
d e g ra d e d  to  a c e t a t e  by t h e  homo g e n t  i s a t e  pathway* [ 2 - ^ C ]  
H o m o g e n tis ic  a c id  ( 3 0 ) ,  [ 2 - ^ 0 ]  4 - m a ie y l -  (3 1 )  and [ 2 - ^ C ]
4 - f u m a r y l -  (3 2 )  a c e t o a c e t a t e s  w ere 8,11 i n c o r p o r a t e d  i n t o  
p lum bag in  ( 2 8 ) .  A d m i n i s t r a t i o n  o f  t h e  h o m o g e n t i s a te  
o x y g en ase  i n h i b i t o r  a a f- b i p y r i d y l  i n  t h e  p r e s e n c e  o f  [ p - ^ C ]  
t y r o s i n e  r e s u l t e d  i n  t h e  a c c u m u la t io n  o f  l a b e l l e d  homo— 
g e n t i s a t e .  These  r e s u l t s  a r e  c o n s i s t e n t  w i th  t h e  
d e g r a d a t i o n  o£ t y r o s i n e  by t h e  h o m o g e n t i s a te  pathw ay a s  
shov/n i n  scheme 4* The p re s e n c e  o f  a l l  t h e  n e c e s s a r y  
enzymes h a s  been  d e m o n s tra te d  (3 8 )  i n  t i s s u e  hom ogon a tes .
The key  enzyme f o r  r i n g - c l e a v a g e ,  h o m o g e n t i s a te  ox y g en ase  
(E C' i * 1 3 * l* 5 ) ,  h a s  been  p u r i f i e d  1 9 0 - f o ld  from  c u l t u r e s  o f  
I), l u s i t a n i c u m  and i t s  p re s e n c e  h a s  been d e t e c t e d  i n  t i s s u e  
c u l t u r e s  o f  t e n  o t h e r  p l a n t s .  The h o m o g e n t i s a te  pathw ay 
f o r  c le a v a g e  o f  a ro m a t ic  r i n g s  t h u s  a p p e a r s  to  be w id e sp re a d  
i n  h i g h e r  p l a n t s .
C a l l u s  c u l t u r e s  o f  C a th a r a n th u s  r o s e u s  have  been 
th o r o u g h ly  i n v e s t i g a t e d  f o r  t h e  p r o d u c t io n  o f  i n d o le  
a l k a l o i d s ,  s i n c e  t h e  p l a n t  c o n t a i n s  o v e r  s i x t y  a l k a l o i d s  
o f  w hich  f o u r  p o s s e s s  m o d era te  a n t i - t u m o u r  a c t i v i t y .  Only 
t e n  in d o le  a l k a l o i d s  w ere  d e t e c t e d  i n  t h e  c u l t u r e s  ( 3 9 ) ,  
none o f  w hich  was o f  t h e  d im e r ic  ty p e  c h a r a c t e r i s t i c  o f  t h e  
p l a n t .  The v e ry  low l e v e l s  o f  i n c o r p o r a t i o n  o f  p r e c u r s o r s  
i n t o  i n d o le  a l k a l o i d s  u s i n g  w hole  p l a n t s  o f  t h e  g e n e r a  V in c a . 
C a th a r a n th u s and A sp idosperm a have  s e v e r e l y  hanpoered
(33) (34)
ch3o2c-
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b io  sy  n't he t i c  s t u d i e s .  I n c u b a t io n  o f  c e l l —f r e e  p r e p a r a t i o n s  
from  b o th  s e e d l i n g s  and t i s s u e  c u l t u r e s  o f  C a th a r a n th u s  
g o s e u s  w i th  e i t h e r  [ 2 - 14C] t r y p ta m in e  (3 3 )  o r  [OO-^Hj] 
s e c o lo g a n in  (3 4 )  i n c o r p o r a t e d  (4 0 )  l a b e l  i n t o  t h e  C o ry n a n th e  
a l k a l o i d s  g e i s s o s c h i z i n e  (3 5 )  and a j m a l i c i n e  (3 6 )*  The 
c a l l u s —d e r iv e d  sy s tem  a l s o  c o n v e r te d  g e i s s o s c h i z i n e  (35,) 
i n t o  a j m a l i c i n e  (36 )*  I n c o r p o r a t i o n s  w i th  t h e  c e l l - f r e e  
p r e p a r a t i o n  fro m  c u l t u r e d  t i s s u e  w ere  much s u p e r i o r  t o  t h o s e  
from  s e e d l i n g s .  O th e r  w o rk e rs  have  r e c e n t l y  r e p o r t e d  (4 1 )  
t h a t  a  c e l l - f r e e  p r e p a r a t i o n  from  fe rm e n to r -g ro w n  C. r o s e u s  
c e l l s  i s  a b le  t o  s y n t h e s i s e  a j m a l i c i n e  ( 3 6 ) ,  19- e p i — 
a j m a l i c i n e  (3 7 )  and t e t r a h y d r o a l s t o n i n e  (38 )  from  t r y p ta m in e  
and s e c o lo g a n in  i n  t h e  p r e s e n c e  o f  e i t h e r  NADPH o r  NADH. I n  
t h e  a b se n c e  o f  re d u c e d  p y r i d i n e  n u c l e o t i d e s ,  how ever, p r e ­
c u r s o r s  o f  t h e  a j m a l i c i n e  iso m e rs  a c c u m u la te d .  One o f  t h e s e  
p r e c u r s o r s  h a s  now been  i d e n t i f i e d  (4 2 )  a s  c a th e n a m in e  (3 9 )  
on t h e  b a s i s  o f  s p e c t r o s c o p i c  e v id e n c e  and i t  h a s  been  shown 
t o  be i n c o r p o r a t e d  i n t o  ( 3 6 ) ,  (3 7 )  and (3 8 )  on i n c u b a t i o n  
w i t h  t h e  c e l l - f r e e  sys tem  i n  t h e  p r e s e n c e  o f  NADPE. The 
p ro p o se d  b i o s y n t h e t i c  pathw ay i s  shown i n  scheme 5*
The l i t e r a t u r e  c o n t a i n s  many f u r t h e r  exam ples o f  t h e  
u s e  o f  p l a n t  t i s s u e  c u l t u r e s  i n  t h e  s tu d y  o f  t h e  b io s y n ­
t h e s i s  o f  se c o n d a ry  p l a n t  m e t a b o l i t e s  such  a s  s t e r o i d a l  
s a p o g e n in s ,  f a t t y  a c i d s ,  f l a v o n o i d s ,  a n th o c y a n i d i n s ,  
r e t  r o c h a l c o n e s ,  a n th r a q u in o n e s ,  c o u m arin s  and a l k a l o i d s .
A re v ie w  o f  t h e  s u b j e c t  i s  i n  p r e s s  (4 3 )*  Reviews a r e  
a v a i l a b l e  on compounds i s o l a t e d  from  t i s s u e  c u l t u r e s  (4 4 )  
and on t h e  b i o t r a n s f o r m a t i o n  o f  s t e r o i d s  by  t i s s u e  c u l t u r e s
(4 5 )  •
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SECTION I
THE BIOSYNTHESIS OP 2-O IS . 6-TRANS-PABNESOI.
C H — COnH<3 fc*
->  >
CH7O 0
(3)
HOH2C CO 2 H 
(1)
Jb.
c h 2o^ 5
(2)
c h 2 0 ^
(4)
CH2O 0
(5)
c h 2 o^ 5
(6)
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S e c t io n  1 ,
The B io s y n th e s is  o f  2 - c ^ s .  6 - t r a n s - f a r n e s o l .
I n t r o d u c t io n .
T e rp e n o id  b io s y n th e s i s  h a s  been  th e  s u b je c t  o f  i n t e n s e  
i n v e s t i g a t i o n  f o r  o v e r  tw e n ty  y e a r s  and a l th o u g h  r a p id  
p r o g r e s s  h a s  been  made i n  th e  a r e a ,  many i n t r i g u i n g  p ro b lem s 
re m a in  to  be s o lv e d . The b a s ic  pathw ay o f  t e r p e n o id  b io ­
s y n th e s i s  from  a c e t a t e  v i a  (3 R )-m e v a lo n a te  ( 1 )  to  i s o p e n te n y l  
( 2 ) ,  d im e th y la l l y l  ( 3 ) ,  g e ra n y l  ( 4 ) ,  f a r n e s y l  (5 )  and 
g e ra n y lg e r a n y l  (6 )  p y ro p h o sp h a te s  i s  shown i n  scheme 1 .  The
pathw ay i s  now w e l l - e s t a b l i s h e d  (1 )  and p ro v id e s  a  m echan­
i s t i c  r a t i o n a l i s a t i o n  o f  th e  b io g e n e t ic  is o p r e n e  r u l e  
p ro p o se d  by R uzicka  (2 )*
The C -^  compound f a r n e s y l  p y ro p h o sp h a te  (5 )  i s  th e  
p r o g e n i to r  o f  a l l  s e s q u i t e r p e n o id s ,  and i t s  b io s y n th e s i s  
fro m  m ev a lo n a te  h a s  been  s tu d ie d  i n  co m p le te  s te r e o c h e m ic a l  
d e t a i l  b e ca u se  o f  i t s  in te rm e d ia c y  i n  th e  fo rm a tio n  o f  
s t e r o i d s .  T h is  h a s  been  made p o s s ib l e  by th e  u se  o f  sam p les  
o f  m ev a lo n a te  i n  w hich  each  p r o c h i r a l  h y d ro g en  atom  h a s  been  
s u b s t i t u t e d  i n  t u r n  by d e u te r iu m  o r  t r i t i u m  (3 )*  The 
i s o p r e n o id  c h a in  i s  b u i l t  up by th e  enzyme p r e n y l  t r a n s ­
f e r a s e  (E G 2 .5 » 1 .1 . )  w hich  c a t a l y s e s  th e  c o n d e n s a t io n  o f  
i s o p e n te n y l  p y ro p h o sp h a te  (2 )  w i th  th e  a l l y l i c  p y ro p h o sp h a te s  
(J3) ■ — .'(]>)• In  t h i s  p r o c e s s ,  one o f  th e  p ro to n s  from  C -2 o f  
i s o p e n te n y l  p y ro p h p sp h a te  i s  l o s t ,  c o r re s p o n d in g  to  l o s s  o f  
one o f  th e  p ro to n s  a t  C-4 o f  m e v a lo n a te . As one w ould 
e x p e c t  f o r  an  enzym ic p r o c e s s ,  t h i s  h a s  been  shown to  be 
s t e r e o s p e c i f i c .  I t  was found  t h a t  in  t h e  fo rm a t io n  o f  t r a n s  
d o u b le  bonds th e  p r o - 4S p ro to n  o f  m ev a lo n a te  was l o s t ,  w h ile  
t h e  p ro -4R  p ro to n  was r e t a in e d  , ( 4 )  • E x a c t ly  t h e  o p p o s i te
f i
c n f o ©
R C H / ^  H 2 H ^  H
RCH2
c h 2o©
trans-prenyl transferase
X — A
h * 5  c h 2 o©
RCH
c h | o p r )
RCH
H C x — A
\ / CvO ' H
H CH20 ©
. RCH
cis-prenyl transferase  
SCHEME 2
c h 2 o^ p
(8)
( 5 )
(10)
(7)
(11)
CH20H
c.h 2oh
(12)
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s i t u a t i o n  h o ld s  i n  th e  fo rm a t io n  o f  th e  c i s  d o u b le  bonds 
i n  lu b b e r  (5 )  w here th e  p ro -4S  p ro to n  i s  r e t a i n e d .  The 
m echanism s o f  a c t i o n  o f  th e  two ty p e s  o f  p r e n y l  t r a n s f e r a s e  
p ro p o se d  (6 )  by G o rn fo r th  and Ito p jak  a r e  shown in  scheme 2 .
W hile  g- t r a n s . 6 - t r a n s - f a r n e s y l  p y ro p h o sp h a te  (5 )  i s  
th e  g e o m e tr ic a l  iso m e r w hich  i s  in v o lv e d  i n  th e  fo rm a t io n  
o f  s q u a le n e  ( 7 ) ,  i t  i s  2 - c i s ,  6 - t r a n s - f a r n e s y l  p y ro p h o s­
p h a te  (8 )  w hich  on s im p le  g e o m e tr ic a l  g ro u n d s m ust be t h e  
p r e c u r s o r  i n  th e  i n i t i a l  c y c - l i s a t io n  l e a d in g  to  many s e s ­
q u i te r p e n e  s k e l e to n s .  C l e a r ly ,  c y c l i s a t i o n  w hich  i s  
i n i t i a t e d  by n u c le o p h i l i c  a t t a c k  o f  th e  6 ,7  d o u b le  bond a t  
0 - 1  o f  f a r n e s y l  p y ro p h o sp h a te , i s  o n ly  g e o m e tr ic a l ly  
f e a s i b l e  f o r  th e  c i s ,  t r a n s  iso m er and n o t f o r  th e  t r a n s , 
t r a n s  is o m e r . I t  i s  w o rth  n o t in g  t h a t  th e  n o n - c l a s s i c a l  
ca rb o n iu m  io n  ( ^ ) ,w h ic h  i s  g e n e ra te d  by t h i s  p ro c e s s  c o u ld  
a l s o  be p roduced  in  a  s i m i l a r  m anner from  2 -c i s . 6- c i s — 
f a r n e s y l  p y ro p h o sp h a te  ( 1 0 ) .
A lth o u g h  c i s . t r a n s - f a r n e s y l  p y ro p h o sp h a te  had  been  
su g g e s te d  a s  a  p r e c u r s o r  o f  s e s q u i te r p e n o id s  many y e a r s  a g o , 
i t  i s  o n ly  r e l a t i v e l y  r e c e n t l y  t h a t  d i r e c t  in f o r m a t io n  on 
i t s  b io s y n th e s i s  h a s  been  fo r th c o m in g . B oth t r a n s . t r a n s -  
f  a rn e  s o l  (1 1 ) and c i s . t r a n s - f a m e  s o l  (1 2 ) w ere l a b e l l e d  (7 )  
when [ 2 - ^ 0 ] m ev a lo n a te  was in c u b a te d  w ith  a  c e l l - f r e e  sy s te m  
from  Pln u s  r a d i a t a  s e e d l in g s .  The p y ro p h o sp h a te  o f  t h e  
t r a n s . t r a n s - iso m e r  was a l s o  d e te c t e d ,  b u t  t h e r e  was no 
e v id e n c e  o f  th e  p re s e n c e  o f  p h o s p h o ry la te d  d e r i v a t i v e s  o f  
t r a n s - is o m e r .  No i s o m e r i s a t i o n  o f  t h e  p y ro p h o s­
p h a te s  (5 )  and (8 )  c o u ld  be d e te c t e d .  L a t e r  e x p e r im e n ts  
w i th  th e  same sy s tem  and i n  a  c e l l - f r e e  p r e p a r a t i o n  from  
C i t r u s  s i n e s i s  (8 )  showed t h a t  t h e  p ro —4S p ro to n  o f
HOPP
cis trans
*H derived from pro - U S  of mevalonate
SCHEME 3
ch2opp
(4)
CHO
(14)
m e v a lo n a te  was l o s t  d u r in g  fo rm a t io n  o f  b o th  th e  2 - t r a n s  and 
th e  2- c i s  d o u b le  bonds o f  th e  f a r n e s o l  iso m e rs  (1 1 )  and ( 1 2 ) .  
T h is  i n d i c a t e s  t h a t  a  t r a n s  p r e n y l  t r a n s f e r a s e  i s  re s p o n ­
s i b l e  f o r  th e  fo rm a tio n  o f  b o th  th e  t r a n s  and th e  c i s  d o u b le  
bonds* B ecause  no in te r c o n v e r s io n  o f  th e  g e o m e tr ic a l  
iso m e rs  c o u ld  be  d e te c te d  i n  t h e s e  e x p e r im e n ts , C o r i  and 
h i s  c o -w o rk e rs  su g g e s te d  t h a t  d u r in g  fo rm a t io n  o f  f a r n e s y l  
p y ro p h o sp h a te , r o t a t i o n  ab o u t th e  2 ,3  bond o f  any  i n t e r ­
m e d ia te  carbon ium  io n  c o u ld  g iv e  r i s e  to  b o th  g e o m e tr ic a l  
iso m e rs  o f  th e  p ro d u c t (schem e 3)« In  t h i s  way, t h e  p ro -4S  
p ro to n  o f  m ev a lo n a te  i s  l o s t ,  b u t  a  c i s  d o u b le  bond i s  
fo rm ed . T h is  i s  e q u iv a le n t  to  syn  e l im in a t io n  o f  h y d ro g en  
and X g ro u p  a c c o rd in g  to  th e  m echanism  shown i n  scheme 2* 
Such a  h y p o th e s is  i s  su p p o r te d  by th e  low s p e c i f i c i t y  (9 )  
w h ich  p r e n y l  t r a n s f e r a s e  shows f o r  th e  lo n g - c h a in  p a r t  o f  
t h e  a l l y l i c  s u b s t r a t e .  T h is  s u g g e s ts  t h a t  i t  i s  o n ly  
w eak ly  bound to  th e  a c t i v e  s i t e  o f  th e  enzym e, w h ich  may 
make r o t a t i o n  p o s s ib l e .
I n  f u r t h e r  work by C o ri ( 1 0 ) ,  u s in g  a  c e l l - f r e e  e x t r a c t  
o f  o ra n g e  f la v e d o ,  g e ra n y l  p y ro p h o sp h a te  (4 )  was shown to  be 
a  p r e c u r s o r  o f  th e  s e s q u i te r p e n e  a lc o h o ls *  In  t h i s  c a s e ,  
t h e  a ld e h y d e s  2 - t r a n s ,  6- t r a n s - f a m e  s a l  (1 3 )  and 2 - c i s ,  
6 - t r a n s - f a r n e s a l  (1 4 ) w ere d e te c te d  in  a d d i t i o n  to  th e  
a l c o h o l s .  S e q u e n t ia l  l a b e l l i n g  s t u d i e s  showed t h a t  th e  
o r d e r  o f  s y n th e s i s  was t r a n s , t r a n s - f a r n e s o 1 , t r a n s , t r a n s -  
f a r n e s a l ,  c i s , t r a n s - f a r n e s a l  and c i s , t r a n s - f a r n e s o l .  A gain  
no i s o m e r i s a t io n  o f  th e  p y ro p h o sp h a te s  was o b s e rv e d . T h is  
r e s u l t  s t r o n g ly  s u g g e s ts  t h a t  th e  a ld e h y d e s  (1 3 )  and ( l ^ )  
a r e  in v o lv e d  i n  th e  i n te r c o n v e r s io n  o f  th e  g e o m e tr ic a l  
is o m e rs ,  p o s s ib ly  by M ich ae l a d d i t i o n  o f  a  n u c le o p h i l i c
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X g ro u p , r o t a t i o n  a b o u t th e  2 ,3  bond and su b se q u e n t r e v e r s a l  
o f  th e  X g roup  a d d i t io n  (schem e 4 ) .  A s i m i l a r  re d o x  mechan­
ism  f o r  t r a n s  to  c i s  d o u b le  bond in te r c o n v e r s io n  h a s  been  
d e m o n s tra te d  (1 1 ) i n  th e  c a se  o f  th e  m o n o te rp e n o id s  
g e r a n i o l  (1 5 )  and n e r o l  ( 1 6 ) ,
D u rin g  an  e x am in a tio n  o f  th e  m e ta b o l i te s  o f  2 - t r a n s , 
6 - t r a n s - 1 0 , 1 1 -e p o x y fa rn e s o l  (1 7 ) in  H elm in thosporum  sa tiv u m  
S u z u k i and Marumo found  (1 2 ) t h a t  one o f  th e  p ro d u c ts  was 
t h e  c o r re s p o n d in g  c i s , t r a n s  iso m e r ( 1 8 ) .  I t  was shown t h a t  
one o f  th e  hydrogen  atom s a t  C - i  o f  th e  t r a n s , t r a n s  com­
pound (1 7 ) was l o s t  i n  th e  i s o m e r i s a t io n  and t h a t  2 - t r a n s , 
6- t r a n s - 1 0 , 1 1 -ep o x y f a rn e  s a l  (1 9 )  was a  p r e c u r s o r  o f  th e  c i s , 
t r a n s - iso m e r  (1 8 )*  S im ila r  r e s u l t s  w ere a ls o  o b ta in e d  w ith  
f a r n e s o l*
Work on th e  b io s y n th e s i s  o f  f a r n e s o l  h a s  been  c a r r i e d
o u t  i n  th e s e  l a b o r a t o r i e s  u s in g  a  c e l l - f r e e  sy s tem  p re p a re d
from  A n d ro g ra p h is  p a n ic u la t a  c a l l u s  t i s s u e  c u l tu r e s *  T h is
c e l l - f r e e  system  in c o r p o r a te s  r a d i o a c t i v i t y  from  m ev a lo n a te
in to  t r a n s , t r a n s - f a r n e s o l ,  c i s , t r a n s - f a r n e s o l  and
Y -b is a b o le n e  (2 0 )*  I t  was found  (1 3 )  t h a t  th e  p ro -4R
hy d ro g en  o f  m ev a lo n a te  was r e t a i n e d ,  and th e  p ro -4S  h y d ro g en
l o s t  i n  b o th  g e o m e tr ic a l  iso m e rs  o f  f a r n e s o l ,  a s  i n  th e
14. 1s t u d i e s  o f  C o r i f s group* When (3 R S ) - [2 -  0 ,  5 -  H ^ Jn e v a lo n -
a t e  (2 1 )  was in c u b a te d  w ith  th e  c e l l - f r e e  sy s te m , th e  t r a n s , 
t r a n s - f a r n e s o l  (2 2 )  i s o l a t e d  had  r e t a in e d  v i r t u a l l y  a l l  t h e  
t r i t i u m  p r e s e n t  i n  th e  m e v a lo n a te , w h ile  th e  c i s , t r a n s -  
f a r n e s o l  (2 3 ) had l o s t  o n e - s ix th  o f  th e  t r i t i u m  la b e l*  T h is  
im p l ie s  t h a t  c i s , t r a n s - f  a rn e  s o l  i s  form ed v i a  th e  t r a n s , 
t r a n s - iso m e r  and n o t  th e  re v e r s e *
The c e l l - f r e e  system  was a ls o  a b le  to  c a t a l y s e
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r e v e r s i b l e  c i s : t r a n s  i s o m e r i s a t io n  o f  f a r n e s o l .  When 
[ 4 , 8 , 1 2 , -  ^0^ , l-^ H p ] t r a n s , t r a n s - f a r n e s o l  was is o m e r is e d  
s * t r a n s - f  a rn e  so 1 . h a l f  o f  th e  t r i t i u m  l a b e l  was l o s t  
( i - r )•  The same l o s s  o c c u rre d  on i s o m e r i s a t io n  i n  th e  
o p p o s i te  d i r e c t i o n .  These r e s u l t s  a r e  i n  a c c o rd  w ith  
i s o m e r i s a t i o n  v i a  a ld e h y d e s  a s  shown i n  scheme 5* The 
s te r o e c h e m is t ry  o f  hydrogen  l o s s  from  C - l  d u r in g  i s o m e r i s ­
a t i o n  was n e x t i n v e s t i g a t e d ,  u s in g  sam p les  o f  t r a n s ,  t r a n s -  
and  c i s ,  t r a n s - f a r n e s o l ,  each  s p e c i f i c a l l y  t r i t i a t e d  a t  
e i t h e r  th e  p ro - lR  o r  th e  p ro - I S  p o s i t i o n .  The u n e x p e c te d  
r e s u l t  i s  t h a t  th e  p ro - IS  hydrogen  i s  l o s t  i n  t h e  c o n v e r s io n  
^ a n s * t r a n s -  in to  c i s , t r a n s - f a r n e s o l  b u t t h e  p ro - lR  
h y d ro g en  i s  l o s t  i n  th e  r e v e r s e  r e a c t i o n ,
l a t e r  e x p e rim e n ts  (1 5 ) exposed th e  p o s s i b i l i t y  t h a t  
t h e  A n d ro g ra p h is  c e l l - f r e e  e x t r a c t  may be a b le  to  c a t a l y s e  
t r a n s : c i s  i s o m e r i s a t io n  o f  th e  p y ro p h o s p h a te s . C o rn fo r th  
h a s  d e m o n s tra te d  (1 6 ) t h a t  i n  mammalian l i v e r  p r e p a r a t i o n s  
th e  p ro -5S  h yd rogen  o f  m ev a lo n a te  sh o u ld  become th e  p ro - I S  
h y d ro g en  o f  t r a n s , t r a n s - f  a rn e  s y l  p y ro p h o sp h a te  (schem e 6 ) .  
I n  th e  A n d ro g ra p h is  sy stem , i t  was shown t h a t  t h e  p r o - 5S 
p ro to n  o f  m ev a lo n a te  was r e t a in e d  i n  b o th  t r a n s , t r a n s -  and 
c i s , t r a n s - f a r n e s o l .  T hus, th e  p ro - lS  h yd rogen  o f  t r a n s , 
t r a n s —f a r n e s y l  p y ro p h o sp h a te  s u r v iv e s  i n  c i s , t r a n s -  
f a r n e s o l .  Prom th e  p re v io u s  w ork w h ich  h a s  been  o u t l i n e d  
a b o v e , th e  p ro - I S  hydrogen  o f  t r a n s , t r a n s - f a r n e s o l  sh o u ld  
be l o s t  d u r in g  i s o m e r i s a t i o n .  One p o s s ib l e  e x p la n a t io n  o f  
th e s e  r e s u l t s  i s  t h a t  th e  c e l l - f r e e  sy s tem  c o n ta in s  an  
enzyme w hich  h y d ro ly s e s  th e  i n i t i a l l y  form ed t r a n s , t r a n s — 
f a r n e s y l  p y ro p h o sp h a te  w ith  i n v e r s io n  a t  C - l ,  w h ich  im p l ie s  
t h a t  t h e r e  i s  0 -0  bond f i s s i o n  d u r in g  h y d r o l y s i s .  L a b e l
HO
H O ^ ‘H* c 0 2 H 
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fro m  th e  p ro ~5S p o s i t io n  o f  m ev a lo n a te  ( 2 4 ) ,  w hich  a p p e a rs  
a t  t h e  p ro - IS  p o s i t io n  o f  t r a n s , t r a n s - f a r n e s y l  p y ro p h o s­
p h a te  (2 5 ) would th e n  be lo c a te d  a t  t h e  p ro - lR  p o s i t i o n  o f  
th e  a lc o h o l  (2 6 ) .  The l a b e l  would th e n  be r e t a in e d  i n  th e  
is o m e r is e d  p ro d u c t (2 7 ) and would be i n  th e  p r o - IS  p o s i t i o n  
(schem e 7)*  P h o sp h a ta se s  n o rm a lly  e f f e c t  h y d r o ly s i s  w i th  
P -0  bond f i s s i o n  (17 ) and th u s  t h e r e  i s  r e t e n t i o n  o f  con­
f i g u r a t i o n  a t  th e  c a r b in o l  ca rb o n  atom® E x p e rim e n ts  u s in g  
(1 R ) -  and ( 1 S ) - [ 1 -  % ] - t r a n s ,  t r a n s - f a r n e s y l  p y ro p h o sp h a te  
showed c o n c lu s iv e ly  t h a t  th e  p h o sp h a ta se  a c t i v i t y  p r e s e n t  
i n  th e  A n d ro g rap h is  e x t r a c t  was o f  th e  no rm al ty p e  and t h a t  
h y d r o ly s i s  d id  n o t le a d  to  in v e r s io n  a t  C-l® L a b e l l in g  
s t u d i e s  u s in g  have co n firm ed  t h a t  h y d r o ly s i s  p ro c e e d s
w ith  P-0 bond f i s s i o n .
I t  h a s  r e c e n t ly  been  su g g e s te d  (1 8 )  t h a t  h y d r o ly s i s  o f  
g e r a n y l  p y ro p h o sp h a te  (4 )  i n  M enyanthes t r i f o l i a t a  o c c u r s  
w i th  in v e r s io n  a t  C - l .  P o u l te r  and R i l l i n g  have  shown (1 9 )  
t h a t  c r y s t a l l i n e ,  homogeneous p r e n y l  t r a n s f e r a s e  (E C 2 .5 « 1 * 1 ) 
from  p ig  l i v e r  c a t a ly s e s ,  to  a  sm a ll  e x t e n t ,  th e  h y d r o ly s i s  
o f  i t s  a l l y l i c  s u b s t r a t e  and t h a t  t h i s  a c t i v i t y  i s  in h e r e n t  
i n  t h e  enzyme. H y d ro ly s is , w hich  i s  assum ed to  o c c u r  when 
t h e  i s o p e n te n y l  p y ro p h o sp h a te  b in d in g  s i t e  i s  o c c u p ie d  by a  
m o le c u le  o f  w a te r ,  l e a d s  to  in v e r s io n  o f  c o n f ig u r a t io n  
a t  C - l .  Thus i n  a  c ru d e  enzyme p r e p a r a t i o n ,  a l th o u g h  
p h o sp h a ta s e  a c t i v i t y  o f  th e  norm al ty p e  may be p r e s e n t ,  
i t  i s  c o n c e iv a b le  t h a t  th e  p r e n o ls  i s o l a t e d  may a t  l e a s t  
i n  p a r t ,  have s u f f e r e d  an  in v e r s io n  o f  c o n f ig u r a t io n  a t  C - l ,  
s in c e  th e y  may have been  h y d ro ly se d  by p r e n y l  t r a n s f e r a s e  
b e fo r e  t h e i r  r e l e a s e  from  th e  enzym e.
S h in e  and Loomis have shown (2 0 )  i n  th e  m o n o te rp en o id
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c a s e  t h a t  p h o sp h o ry la te d  a lc o h o ls  can  be is o m e r is e d  w ith o u t  
h y d r o ly s is *  The iso m erase  was found to  be pho to  in d u c ib le  
and to  r e q u i r e  a  f l a v i n  and a  t h i o l  f o r  m axim al a c t i v i t y *  
D i r e c t  i s o m e r is a t io n  o f  t r a n s . t r a n s - f a r n e s y l  p y ro p h o sp h a te  
to  th e  c i s t t r a n s -iso m er h a s  been  o b se rv e d  (2 1 )  i n  a  c e l l -  
f r e e  sy s tem  d e r iv e d  from T rich o th ec iu m  roseum 0 I s o m e r i s a t io n  
p ro c e e d s  w ith  l o s s  o f  th e  p ro - IS  hyd rogen  o f  th e  t r a n s , 
t r a n s  .pyrophosphate*
The r e s u l t s  in  th e  A n d ro g rap h is  c a se  a r e  m ost s im p ly  
r a t i o n a l i s e d  by p o s tu la t in g  t h a t  t h e r e  i s  a  f a r n e s y l  p y ro ­
p h o sp h a te  t r a n s : c i s  iso m erase  w hich  e f f e c t s  l o s s  o f  th e  
p ro - lR  hydrogen  o f  t r a n s , t r a n s - f a r n e s y l  p y ro p h o sp h a te  and 
in t r o d u c e s  hydrogen  from  s o lv e n t  i n  th e  p r o - lR  p o s i t i o n  o f  
t h e  p ro d u c t a s  shown i n  scheme 8*
I t  h a s  a ls o  been  su g g e s te d  (2 2 ) t h a t  t r a n s : c i s  
i s o m e r i s a t io n  can  o c c u r by p ro c e s s e s  w hich  do n o t  in v o lv e  
l o s s  o f  l a b e l  from  0 -1 .  In  t h i s  c a s e ,  n e r o l i d o l  (2 8 )  o r  
i t s  p y ro p h o sp h a te  i s  th e  in te rm e d ia te *  I s o m e r i s a t io n  by 
m eans o f  su ch  a  1 ,3  s h i f t  r e s u l t s  i n  o v e r a l l  i n v e r s io n  o f  
c o n f ig u r a t io n  a t  0 -1  (schem e 9)#
T able 1+
P e rc e n ta g e  in c o r p o r a t i o n  o f  a ld e h y d e s  i n to  p r o d u c t s .
S u b s t r a t e
c o n t r o l
1 . J -  o - l J  O J .  C U .1 V 3 ,
t  r a n  s - f  a rn  e s a l 6 4 .4 1 9 .6
e x p e r im e n t
[1 -% ]  t r a n s ,  
t r a n s - f a r n e s a l 2 8 .6 1 5 .2
c o n t r o l
[ l - ^ H ] c i s ,
t r a n s - f a r n e s a l 5 6 .0 1 4 .7
e x p e r im e n t
[ l - ^ H ] c i s ,
t r a n s - f a r n e s a l 9 .6 2 .0
P ro d u c t .
t r a n s , c i s , t r a n s , c i s , 
t r a n s -  t r a n s -  t r a n s -  t r a n s -  
a lc lehyde  a ld e h y d e  a lc o h o l  a lc o h o l
0 .7 2  
2 7 .0  1 1 .2
2 .2 7 5  
2 2 .2  4 0 .0
(11) R =C H 20H
(13) R =CH0 •
(12) R = CH20H
(14) R = CHO
(3 0 )
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D is c u s s io n .
I t  h a s  been su g g ested  e lsew h ere  i n  t h i s  t h e s i s  ( p l 8 ) ,  
t h a t  i s o m e r is a t io n  o f  t r a n s . t r a n s - f a r n e s o l  (1 1 ) to  c i s , 
t r a n s - f a r n e s o l  (12) in  th e  c e l l - f r e e  sy stem  d e r iv e d  from  
-Aflcfo0g ra p h is  p a n ic u la ta  p ro ce ed s  v i a  th e  c o r re s p o n d in g  
a ld e h y d e s  (1 3 ) and (1 4 ) .  The a ld e h y d e s  a r e  n o t i s o l a t e d  
a s  p ro d u c ts  when e i t h e r  [2 -  ]m eva lona te  o r  one o f  th e  
f a r n e s o l  iso m ers  i s  th e  s u b s t r a t e  i n  th e  i n c u b a t io n .  How­
e v e r ,  t h i s  does n o t n e c e s s a r i ly  e x c lu d e  them  a s  
in te r m e d ia te s  in  th e  i s o m e r is a t io n  p r o c e s s .  In d e e d , i t  
i s  u n l ik e ly  t h a t  th e y  would be p roduced  i n  i s o l a b l e  
am ounts s in c e  th e  enzyme system  c o n ta in s  an  e x c e s s  o f  
NAD(P)H.
To see  w he ther th e  a ld e h y d es  m igh t n e v e r th e l e s s  f u n -
3c t i o n  a s  in te rm e d ia te s ,  [1- H ] t r a n s , t r a n s -  (2 9 ) and 
3
[ 1 -  HI c i s , t r a n s - f a r n e  s a l  ( 3 0 ) ,  p re p a re d  i n  a lm o s t quan­
t i t a t i v e  y ie ld  by o x id a t io n  o f  th e  c o rre s p o n d in g  t r i t i a t e d  
a lc o h o ls  w ith  manganese d io x id e  i n  d ry  b e n ze n e , w ere  i n ­
c u b a te d  w ith  th e  c e l l - f r e e  sy s tem . T h is  r e s u l t e d  i n  
in c o r p o r a t io n  o f  r a d i o a c t i v i t y  in to  t r a n s , t r a n s -  and c i s , 
t r a n s - f a r n e s o l .  The r e s u l t s  o f  th e s e  in c u b a t io n s  and th e  
r e l e v a n t  c o n tr o l  ex p erim en ts  a r e  shown i n  t a b l e  1 . Con­
s i d e r a b l e  non-enzym ic is o m e r is a t io n  o f  th e  a ld e h y d e s  was 
o b se rv e d  u n d e r th e  in c u b a tio n  c o n d i t io n s .  In  b o th  e x p e r­
im e n ts  th e  co m p o sitio n  o f  th e  re c o v e re d  a ld e h y d e  m ix tu re  
w as s i m i l a r  to  t h a t  found in  th e  c o rre s p o n d in g  c o n t r o l .  
T h is  i s  n o t u n ex p ec ted , s in c e  i t  h a s  been  n o te d  (2 3 )  t h a t  
t h e  a ld e h y d e s  e q u i l i b r a t e  r a p id ly  i n  v e ry  d i l u t e  a q u eo u s 
b a se  and in  th e  p resen ce  o f  t h i o l s ,  in c lu d in g  th e  t h i o l  
g ro u p  o f  d e n a tu re d  enzymes. The enzyme sy s tem  a ls o
.H;
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c o n ta in s  a lc o h o l  dehydrogenase  a c t i v i t y  a s  e x p e c te d .
O x id o re d u c ta se  a c t i v i t y  i s  u n iv e r s a l  th ro u g h o u t  th e  
p l a n t  and an im al kingdoms and i s  c e n t r a l  to  many v i t a l  b io ­
c h e m ic a l p ro c e s s e s .  A lcoho l d eh y d ro g en ase  (E G l . l . l . l )  
c a t a l y s e s  th e  r e v e r s i b l e  o x id a t io n  o f  p r im a ry  a lc o h o ls
(3 1 )  to  th e  c o rre sp o n d in g  a ld e h y d e s  ( 3 2 ) ,  u s in g  n i c o t i n ­
am ide a d e n in e  d in u c le o t id e  (NAD+) a s  co —f a c t o r  (schem e 1 0 ) .  
D u rin g  o x id a t io n  o f  th e  a lc o h o l ,  a  h y d r id e  io n  i s  t r a n s ­
f e r  ed from  th e  c a r b in o l  c a rb o n  atom  to  C-4 o f  th e  
p y r id in iu m  r in g  o f  NAD+ . T h is  p ro c e s s  i s  s t e r e o s p e c i f i c  
w i th  r e s p e c t  to  b o th  s u b s t r a t e  and c o - f a c t o r .  In  th e  c a se  
o f  a lc o h o l  dehydrogenase  from  h o rs e  l i v e r ,  i t  h a s  been  
shown (2 4 ) t h a t  th e  p ro - lR  hydrogen  o f  th e  s u b s t r a t e  i s  
s t e r e o  s p e c i f i c a l l y  t r a n s f e r e d  to  th e  c o - f a c t o r  and t h a t  
i t  becom es th e  p ro -4R hydrogen  o f  NADH ( 2 5 ) .  Such enzymes 
a r e  s a id  to  be A s id e  s p e c i f i c  w ith  r e s p e c t  to  p y r id in e  
n u c l e o t i d e .  C om parative s tu d y  o f  a  num ber o f  o x id o ­
r e d u c ta s e  enzymes h as  le d  B e n tly  to  p ro p o se  (2 6 ) t h a t  th e  
s t e r e o s p e c i f i c i t y  o f  a  p a r t i c u l a r  r e a c t i o n  i s  in d e p e n d e n t 
o f  th e  so u rc e  o f  th e  enzyme w hich  c a t a l y s e s  i t .  I t  h a s  
a l s o  been n o ted  (27) t h a t  when a  m e ta b o lic  seq u en ce  i n ­
v o lv e s  c o n s e c u tiv e  o x id o re d u c ta se  r e a c t i o n s ,  th e  enzym es 
h ave  th e  same s te r e o  s p e c i f i c i t y  to w a rd s  p y r id in e  
n u c le o t i d e .
The s te re o c h e m is try  o f  l a b e l  a t  C - l  o f  f a r n e s o l  can  
be d e te rm in e d  by a  method based  on th e  p ro c e d u re  d e v e lo p e d  
By Simon (28 ) f o r  th e  p r e p a r a t io n  o f  (1R) and ( I S )  l a b e l ­
l e d  p rim ary  a lc o h o ls .  The in c u b a tio n  m ix tu re  c o n ta in s  
NADH, NAD+, l i v e r  a lc o h o l  d ehyd rogenase  (E C  l . l . l . l )  
and d ia p h o ra s e  ( lip o a m id e  d e h y d ro g sn ase , E C 1 . 6 . 4 . 3 ) .
T able 2 .
3H 14: C r a t i o s  o f  a lc o h o ls  b e f o r e  and a f t e r  exchange*
t r a n s ,  t r a n s -
f a r n e s o l  5• 70 t r a n s , t r a n s - f a r n e s o l  5*60
c i s , t r a n s - f a r n e s o l  5 .5 8
c i s , t r a n s -  t r a n s , t r a n s - f a r n e s o l  6*51 
f a r n e  so l  6 •59
c i s , t r a n s - f a r n e s o l  6*42
r e t e n t i o n
9 8 .2
9 8 .0
9 8 .7
9 7 .4
(15)
N
SCHEME 11
L iv e r  a lc o h o l  dehydrogenase  c a t a l y s e s  exchange betw een th e  
p r o - lR  hydrogen  o f  f a r n e s o l  and NADIi, w h ile  d ia p h o ra s e  ex­
c h a n g e s  hyd rogen  betw een NADH and w a te r#  T hus, in c u b a t io n  
ex ch an g es  l a b e l  o u t o f  th e  p ro - lR  p o s i t i o n  o f  f a r n e s o l .
By a n a lo g y  w ith  th e  e s ta b l is h e d  exchange (2 5 ) o f  th e  p ro —1R 
h y d ro g en  in  g e r a n io l  (1 5 ) ,  i t  h a s  been  assum ed (2 9 ) t h a t  
t r a n s , t r a n s - f a r n e s o l  a ls o  exchanges i t s  p ro - lR  h y d ro g en  
w i th  l i v e r  a lc o h o l  d eh y d ro g en ase . I t  h a s  been  shown i n  
t h e s e  l a b o r a t o r i e s  (14 ) t h a t  t h i s  a ssu m p tio n  i s  c o r r e c t  
and t h a t  th e  p ro - lR  hydrogen  o f  c i s , t r a n s - f a r n e s o l  i s  
a l s o  exchanged by l i v e r  a lc o h o l  d e h y d ro g e n a se .
I f  a ld e h y d e s  a re  in te r m e d ia te s  i n  th e  c i s : t r a n s
5
i s o m e r i s a t io n ,  th e n  in c u b a tio n  o f  th e  [ l -  H ]a ld e h y d e s  w ith  
th e  c e l l - f r e e  system  m ust g iv e  t r a n s , t r a n s - f a r n e s o l  and 
c i s ,  t r a n s - f a r n e s o l  w ith  l a b e l  i n  th e  p r o - lR  and p ro - I S  
p o s i t i o n s  r e s p e c t iv e ly ,  based  on th e  p r e v io u s ly  e s t a b l i s h e d  
s te r e o c h e m is t ry  o f  hydrogen  l o s s  from  C - l  d u r in g  iso m e r­
i s a t i o n  (p l8 )  a s  shown i n  scheme 1 1 . However, in c u b a t io n
w ith  th e  l i v e r  a lc o h o l  d e h y d ro g e n a s e /d ia p h o ra se  sy stem  o f
3
th e  f a r n e s o l  iso m ers  o b ta in e d  from  th e  [ l -  H ]a ld eh y d e  
showed t h a t  in  each  c a se  l a b e l  was in  th e  n o n -e x c h a n g a b le  
p ro - IS  p o s i t io n  ( t a b l e  2 ) .  I t  a p p e a rs  t h a t  th e  a lc o h o l  
o x id o re d u c ta s e  in  th e  A n d ro g rap h is  c e l l - f r e e  sy stem  r e ­
d u c e s  b o th  t r a n s , t r a n s - f a r n e s a l  and c i s , t r a n s - f a r n e s a l  
w i th  th e  same s te r e o c h e m is t ry  a s  d o es l i v e r  a lc o h o l  
d e h y d ro g e n a se ; th e  A n d ro g rao h is  enzyme a ls o  e x ch an g es  th e  
p ro - lR  p ro to n . Thus, a lth o u g h  an o x id o re d u c ta s e  sy stem  
w hich  i s  p o t e n t i a l l y  c a p a b le  o f  c a t a l y s i n g  t r a n s , t r a n s — 
c i s ? t r a n s - f a r n e s o l  i s o m e r i s a t io n  i s  p r e s e n t  i n  
A n d ro g ra p h is  c e l l —f r e e  e x t r a c t ,  t h i s  c a n n o t be p a r t  o f
CHoOH A2  v
f
OH 0
N
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t h e  m echanism  w hich i s  r e s p o n s ib le  f o r  is o m e r is a t io n *
When one o f  th e  f a r n e s o l  iso m ers  i s  in c u b a te d  w ith  th e  
c e l l - f r e e  sy stem , p ro d u c ts  o f  i s o m e r i s a t io n  by t h i s  mechan­
ism  a r e  n o t o b ta in e d , p resum ably  b ecau se  o f  t h e  p re s e n c e  
o f  e x c e s s  NAD(P)H.
Thus i t  a p p e a rs  t h a t  i f  t r a n s , t r a n s - f a r n e s a l  and c i s ,  
t r a n s - f a r n e s a l  a r e  in v o lv e d  a t  a l l  i n  th e  i s o m e r i s a t i o n  o f  
o f  th e  f a r n e s o l  iso m ers , th e y  a re  n e v e r  s e t  f r e e  from  th e  
enzyme w hich i s  r e s p o n s ib le  f o r  th e  i s o m e r is a t io n *  The 
i s o m e r i s a t io n  enzyme i s  n o t th e  a lc o h o l  d e h y d ro g e n ase  
w hose a c t i v i t y  i s  d e te c te d  when th e  a ld e h y d e s  a r e  in c u ­
b a te d  w ith  th e  c e l l - £ r e e  system * I t  sh o u ld  be p o in te d  o u t  
t h a t  l o s s  o f  hydrogen from  C - l  o f  f a r n e s o l  d o es  n o t  n e c e s s ­
a r i l y  im p ly  t h a t  th e  i s o m e r is a t io n  m echanism  r e q u i r e s  
o v e r a l l  o x id a t io n  a t  any s tag e*  As shown i n  scheme 12* 
i s o m e r i s a t io n  o f  a l l y l i c  a lc o h o ls  c o u ld  ta k e  p la c e  v i a  th e  
is o m e r ic  a ld e h y d es  o r  t h e i r  e n o l ic  fo rm s .
E x p e rim e n ta l*
G e n e ra l ,
A l l  t h i n  l a y e r  chrom atography  on s i l i c a  was c a r r i e d  o u t  
on  p re c o a te d  Merk K ie s e lg e l  G p l a t e s  ( 20cmx20cm)• S i l v e r  
n i t r a t e —im p reg n ated  p l a t e s  were f r e s h ly  p re p a re d  a s  r e q u i r e d  
by  s p ra y in g  p re c o a te d  t . l oc 0 p l a t e s  w ith  aqu eo u s s i l v e r  n i ­
t r a t e  (15?6, w /v) u n t i l  th e y  w ere s a t u r a t e d .  The p l a t e s  
w ere  a llo w e d  to  d ry  o v e rn ig h t i n  th e  d a rk  a t  room te m p e r­
a t u r e  b e fo re  a c t i v a t io n  by h e a t in g  a t  100°C i n  an  a i r  oven 
f o r  two h o u rs  p r i o r  to  u s e .
R a d io a c t iv i ty  was d e te rm in ed  by l i q u i d  s c i n t i l l a t i o n  
c o u n t in g  i n  a  P h i l ip s  model PW-4530 l i q u i d - s c i n t i l l a t i o n  
a n a l y s e r ,  w ith  2 , 5 -d ip h e n y lo x a z a le  ( 5 g / l )  and 1 , 4 - b i s -  
( 5 -p h e n y lo x a z o l-2 -y l)  benzene ( 0 . 1 g / l )  i n  to lu e n e  a s  
s c i n t i l l a n t .  C oun ting  e f f i c i e n c i e s  w ere t y p i c a l l y  §0fo f o r  
*^C a lo n e  and 75^ and 32^ r e s p e c t iv e ly  f o r  1 '^C and i n  
e x p e r im e n ts  u s in g  b o th  n u c l id e s .  C o r r e c t io n s  f o r  c o u n tin g
e f f i c i e n c y  and quench ing  were a u to m a t ic a l ly  com puted , u s in g
137a  c h a n n e l s - r a t io  mode o f  o p e ra t io n  w ith  Cs a s  e x t e r n a l  
s t a n d a r d .  Chrom atogram s were scanned  f o r  r a d i o a c t i v e  com­
p o n e n ts  u s in g  a  Panax T hin  L ay er S can n er RTLS 1A, R a d io -
g a s  l i q u i d  chrom atography  was perfo rm ed  on a  Pye 1 0 4 /P an ax
14R a d io g a s  d e te c t o r  system  o p e ra te d  in  e i t h e r  th e  C o n ly  o r  
H m ode. C o u n tin g  e f f i c i e n c i e s  w ere -4 0 ^  f o r  H and 9 0 #  
f o r  14'C. A n a ly t ic a l  g . l . c .  was pe rfo rm ed  on a  P e rk in  E lm er 
F l l  g a s  ch rom atograph  w ith  a  flam e  i o n i s a t i o n  d e t e c t o r  u s in g
n i t r o g e n  a s  c a r r i e r  g a s ,
■^H M R s p e c t r a  w ere re c o rd e d  a t  60 MHz on a  V a r ia n  
s p e c t r o m e te r ,  *^C NMR s p e c t r a  w ere o b ta in e d  on a  V a r ia n  
XL 100 s p e c tro m e te r  a t  25.2MHz o p e ra te d  in  th e  P o u r i e r
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t r a n s fo r m  mode u s in g  d eu te riu m  i n t e r n a l  lo c k .  A l l  c h e m ic a l 
s h i f t s  a r e  r e p o r te d  a s  p a r t s  p e r  m i l l io n  d o w n fie id  o f  i n t e r ­
n a l  t e t r a m e th y l s i l a n e  r e f e r e n c e .  Mass s p e c t r a  w ere r e c o rd e d  
on EMI MS 12 s p e c tro m e te r . M e ltin g  p o in ts  w ere o b ta in e d  on 
a  K o f f l e r  h o t  s ta g e  a p p a ra tu s  and a r e  r e p o r te d  u n c o r r e c te d .  
H igh  speed  c e n t r i f u g a t io n  was c a r r i e d  o u t  i n  a  MSE H igh 
Speed 25 c e n t r i f u g e .
M ain ten an ce  o f  A ndrog raph is p a n ic u la ta  c a l l u s  c u l t u r e s .
P ro c e d u re s  f o r  th e  e s ta b l is h m e n t  and m a in ten a n ce  o f  A, 
p a n ic u l a t a  s to c k  c u l tu r e s  have been  d e s c r ib e d  ( 3 0 ) ,  C a l lu s  
t i s s u e  o f  h y p o c o ty l o r i g in  was grov/n on a  medium whose i n ­
o rg a n ic  c o n s t i t u e n t s  w ere th o s e  o f  m o d ified  W hite*s r o o t  
c u l t u r e  medium (3 1 ) ,  ex cep t t h a t  f e r r i c  sodium  e th y le n e -  
d ia m in e  t e t r a - a c e t a t e  (Pe-EDTA) was added a s  i r o n  s o u rc e
( 3 2 ) ,  The medium a ls o  c o n ta in e d  W h ite ’ s v i ta m in  su p p le ­
m e n ts , 2 ,4 -d ic h lo ro p h e n o x y a c e t ic  a c id  (6 m g /l ) ,  m eso- 
i n o s i t o l  (1 0 0 m g /l) , su c ro se  ( 2 0 g / l )  and 15#  c o co n u t m ilk .
The c a l l u s  t i s s u e  was grown on medium s o l i d i f i e d  w i th  0 ,7 #  
a g a r  (O xoid  n o , 3) f o r  tw en ty -o n e  days a f t e r  s u b c u l tu r e  and 
th e n  in o c u la  (~ 0 .5 g  f r e s h  w e ig h t)  w ere t r a n s f e r e d  to  l i q u i d  
medium (100m l) c o n ta in e d  in  250ml E rlen m ey er f l a s k s .  The 
f l a s k s  w ere k e p t on a  h o r i z o n ta l  r o t a r y  s h a k e r  ( 1 4 0 r e v , /m in . ) 
a t  2 5 tl°C  w ith  i l lu m in a t io n  (a p p ro x . 3 2 0 0 1 x .) .  S to c k  c u l ­
t u r e s ,  s u b c u ltu re d  on s o l id  medium a s  d e s c r ib e d  a b o v e , have  
b e en  m a in ta in e d  i n  th e s e  l a b o r a t o r i e s  f o r  a  p e r io d  o f  more 
th a n  t e n  y e a r s .
P r e p a r a t io n  o f  c e l l - f r e e  e x t r a c t s .
C a l lu s  t i s s u e  w hich had been grown i n  s u s p e n s io n  c u l ­
t u r e  f o r  tw e n ty —one days was c o l l e c t e d  by f i l t r a t i o n  and 
hom ogenized  in  b u f f e r  ( lm l /g  f r e s h  w e ig h t)  f o r  two m in u te s
a t  0 G i n  a  p reo o o led  g l a s s  t i s s u e  h om ogen izer  (K o n te s  G la s s  
G o . ,  V in e la n d ,  N . J . ,  U .S .A .)  d r iv e n  by an  e l e c t r i c  m otor*
The h o m o g en iza t io n  b u f f e r  c o n ta in e d  s u c ro s e  (0*35M), r e ­
d u ced  g l u t a t h i o n e  (5mM), n ic o t in a m id e  (5mM), s o l u b l e  
p o l y v in y l p y r r o l id o n e  (m ol. w t .  2 4 ,5 0 0 ; 1$  w /v ) ,  m anganese 
c h l o r i d e  (0.13mM) and magnesium c h l o r i d e  (0.13niM) i n  sodium 
p h o s p h a te  b u f f e r  (0.1M, pH 7 * 6 ) .  The hom ogenate was c e n t r i ­
fu g e d  a t  74 ,500xg  (25 ,000  r e v . / m i n . ;  f i x e d  a n g le  r o t o r ,  M.S. 
E .  L t d . ,  n o .  59584) f o r  n in e ty  m in u te s  a t  4°G and t h e  s u p e r ­
n a t a n t  was u sed  d i r e c t l y  a s  t h e  so u rc e  o f  t h e  enzyme system* 
The p r o t e i n  c o n c e n t r a t i o n  o f  th e  e x t r a c t  was a p p ro x im a te ly  
2 .6m g/m l a s  e s t im a te d  by th e  method o f  Lowry (5 3 )  u s i n g  
b o v in e  serum album in a s  s ta n d a rd *
P r e p a r a t i o n  o f  [ 1 -  H -j] t ran s ,  t r a n s - f a r n e s a l  (2 9 )
•z
and [ 1 -  H 3 c i s ,  t r a n s - f a r n e s a l  (50 )*
Manganese d io x id e ,  p re p a re d  by a  m o d if ie d  A tten b u rro w  
m ethod ( 3 4 ) ,  was a c t i v a t e d  by a z e o t r o p i c  rem oval o f  w a te r
w i t h  benzene  u s in g  a  Dean and S t a r k  a p p a r a t u s .  P u r i f i e d
3 8[ 1 -  H ^ lt r a n s , t r a n s - f a r n e s o l  (2mg, 8x10 dpm) was o x i d i s e d
t o  [ l - ^ H ^ ] t r a n s ,  t r a n s - f a r n e s a l  (2 9 )  by s t i r r i n g  o v e r n i g h t  
a t  room te m p e ra tu re  w i th  a c t i v a t e d  manganese d io x id e  (50mg) 
i n  d ry  benzene  (1 m l) .  Manganese d io x id e  was removed by 
f i l t r a t i o n  th ro u g h  a  bed o f  c e l i t e  w hich  was th r o u g h ly  
w ashed w i th  benzene, fo l lo w ed  by a  sm a ll  p o r t i o n  o f  e t h a n o l ,  
t o  remove any adso rbed  m a t e r i a l .  The s o l u t i o n  was t h e n  eva­
p o r a t e d  to  s m a l l  volume and p u r i f i e d  by p r e p a r a t i v e  t . l . c .  
( e t h y l  a c e ta t e - h e x a n e ,  1 .3 ,  v /v )  fo l lo w e d  by t . l . c *  on 
s i l v e r  n i t r a t e —s i l i c a  ( e t h y l  a c e t a t e —a c e t i c  a c i d ,  499*1, 
v /v ')  * Radio sc an n in g  l o c a te d  r a d i o a c t i v i t y  o n ly  i n  t h e  band 
c o r r e s p o n d in g  to  t r a n s ,  t r a n s - f a r n e s a l . T h is  m a t e r i a l  was
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t h e n  e l u t e d  from  th e  s i l i c a  w i th  e t h y l  a c e t a t e  and made up 
t o  a  volume o f  10ml w ith  e th y l  a c e t a t e .  C o u n t in g  o f  an  
a l i q u o t  showed t h a t  th e  s o l u t i o n  c o n ta in e d  3o6xl0^dpm /m l 
t r i t i u m  a c t i v i t y .
By e x a c t l y  th e  same p ro c e d u re ,  [ 1 -^ H p lc i s , t r a n s -
r j
f a r n e s o l  (2mg, 9*2x10 dpm) was o x id i s e d  w i th  m anganese 
d i o x id e  i n  benzene and th e  a ld eh yde  p u r i f i e d ,  t o  y i e l d  
10ml o f  e t h y l  a c e t a t e  s o l u t i o n  o f  [ 1 -^H ^]c i s , t r a n s — 
f a r n e s a l  (30 )  (4x i0^dpm /m l).
I n c u b a t io n  o f  [ l - ^ H ] t r a n s ,  t r a n s - f a r n e s a l  (2 9 )  and [ 1 - % ]
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c i s ,  t r a n s - f a r n e s a l  (30) w ith  A n d ro g rap h is  c e l l - f r e e  e x t r a c t .
[ !-■%] t r a n s . t r a n s - f a r n e s a l  (3 .6x l0^dpm , -20O^g) was 
su sp en d ed  i n  sodium ph ospha te  b u f f e r  (0.1M , pH 7 . 6 ,  0 .1 m l)  
w i t h  Tween 80 (Img) by s o n i c a t in g  f o r  t e n  m in u te s  ( M e t t l e r  
E l e c t r o n i c s  U l t r a s o n ic  C le a n e r ,  model ME 1 . 5 ) .  The su sp en ­
s i o n  was th e n  in c u b a te d  w i th  th e  c e l l - f r e e  e x t r a c t  (3m l) 
c o n t a i n i n g  NADH (0.5mM), NADPH (0.5mM), ATP (ImM) and sodium  
f l u o r i d e  (ImM) ( f i n a l  volume 4ml) f o r  s i x t e e n  h o u r s  a t  27°C 
i n  a  15ml Warburg f l a s k .  The f l a s k  was e v a c u a te d  and f i l l e d  
w i t h  n i t r o g e n  f i v e  t im e s  b e fo re  m ix ing  s u b s t r a t e  and medium.
[ l - ^ H ] c i s ,  t r a n s - f a r n e s a l  (4xl0^dpm , ~200fig) was sim ­
i l a r l y  in c u b a te d .  C o n tro l  e x p e r im e n ts  were ru n  w i th  b o i l e d  
e x t r a c t  i n  b o th  c a s e s .
I n c u b a t io n s  were t e r m in a te d  by t h e  a d d i t i o n  o f  i c e - c o l d  
e t h a n o l  (8 m l) .  D enatured  p r o t e i n  was th e n  c e n t r i f u g e d  down 
a t  400Oxg f o r  f i v e  m in u tes  and t h e  s u p e r n a t a n t  e x t r a c t e d  
w i t h  hexane  (3 *10 m l) .  A f t e r  d ry in g  o v e r  a n h y d ro u s  sodium  
s u l p h a t e ,  t h e  s o l u t i o n  was e v a p o ra te d  to  s m a l l  volume and 
c a r r i e r  f a r n e s o l  (2mg, t r a n s , t r a n s —c i s , t r a n s , 2 .1 )  added  
b e f o r e  p r e p a r a t i v e  t . l . c .  ( e t h y l  a c e t a t e —h e x a n e ,  1 j3 , v / v ) ,
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w h ic h  a llo w e d  s e p a r a t io n  o f  a lc o h o l  from a ld e h y d e .  The 
g e o m e t r i c a l  iso m ers  o f  f a r n e s o l  and f a r n e s a l  w ere  t h e n  
s e p a r a t e d  by p r e p a r a t iv e  t . l . c .  on s i l v e r  n i t  r a t  e - s i l i c a  
( e t h y l  a c e t a t e - a c e t i c  a c id ,  499 ;1* v /v )o  The bands c o r r e s ­
p o n d in g  to  t h e  i n d iv i d u a l  components were s c ra p e d  o f f  t h e  
p l a t e s ,  e l u t e d  w i th  e th y l  a c e t a t e  and t h e  r a d i o a c t i v i t y  i n  
e a c h  was d e te rm in e d .  The r e s u l t s  a r e  g iv e n  i n  t a b l e  1 
( p21) .
Exchange o f  a l c o h o l s  w i th  l i v e r  a l c o h o l  
d e h y d ro g e n a s e -d ia p h o ra s e .
The t r i t i a t e d  a lc o h o l  sam ples o b ta in e d  by i n c u b a t i o n  o f
3
[ 1 -  H ] t r a n s ,  t r a n s - f a r n e s a l  d e s c r ib e d  i n  t h e  p r e v io u s  e x p e r ­
im e n t  w ere  mixed w i th  th e  a p p r o p r i a t e  [ 4 , 8 , 1 2 -1^C^ ] f a r n e s o l  
i s o m e r s ,  which had been o b ta in e d  b io  s y n t h e t i c a l l y ,  (1 4 )  t o  
g i v e  : ^ C  r a t i o s  o f  ~5* T h is  d o u b l y - l a b e l l e d  m a t e r i a l  
was t h e n  s u b je c te d  to  p r e p a r a t i v e  t . l . c .  ( e t h y l  a c e t a t e s  
h e x a n e ,  I s 3 , v /v )  b e fo re  exchange. A f t e r  m ix in g  w i th  Tween 
80 ( lm g ) an  a l i q u o t  o f  each  s u b s t r a t e  was u l t r a s o n i c a l l y  
d i s p e r s e d  i n  sodium phosp ha te  b u f f e r  (0.1M, pH 8 . 0 ,  2 .8 m l) ,  
c o n t a i n i n g  e th y len e d iam in e  t e t r a - a c e t i c  a c id  d iso d iu m  s a l t  
(ImM), b o v in e  serum album in (2 .6 m g), NAD+ (0.34mM) and NADH 
(0.34m M ). H orse l i v e r  a lc o h o l  dehyd rog en ase  (E C 1 . 1 . 1 . 1 ;
1 0 0 P i  su s p e n s io n ,  5 u n i t s )  and d ia p h o r a s e  (E C 1 . 6 . 4 . 3 ;  100P i ,  
100 u n i t s )  were added and th e  m ix tu re  in c u b a te d  u n d e r  
n i t r o g e n  f o r  tw e lv e  ho u rs  a t  37°C. The in c u b a t i o n  m ix tu r e  
was t h e n  s a t u r a t e d  w i th  sodium c h l o r i d e  and e x t r a c t e d  w i t h  
h e x an e  (3x 10m l) .  A f t e r  d ry in g  t h e  s o l u t i o n  o v e r  a n h y d ro u s  
sodium  s u l p h a t e ,  c a r r i e r  f a r n e s o l  (2mg, 2*1 m ix tu re  t r a n s ,  
t r a n s —c i s ,  t r a n s )  was added . The f a r n e s o l  i s o m e rs  w ere  
s e p a r a t e d  and p u r i f iP d  a s  p r e v io u s ly  d e s c r i b e d .  The
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^ H :^ C  r a t i o s  f o r  b o th  th e  s u b s t r a t e s  and t h e  p r o d u c t s  w ere  
d e te rm in e d  a s  th e  f r e e  a lc o h o l ,  t h e  a c e t a t e  and t h e  t r i -  
m e t h y l s i l y l  e th e r*  The a c e t a t e s  were p r e p a re d  by  h e a t i n g  
t h e  a l c o h o l  sam ples w i th  d ry  p y r id in e  (100^1) and a c e t i c  
a n h y d r id e  (100|fL) a t  100°C f o r  t h i r t y  m inu tes*  E x c e s s  r e ­
a g e n t s  w ere  th e n  removed i n  a  s tre am  o f  n i t r o g e n  a t  -80°C 
and  t h e  r e s i d u e  was s u b je c te d  to  p r e p a r a t i v e  t * l* c *  ( e t h y l  
a c e t a t e ; h e x a n e ,  1 :3 ,  v / v ) .  The O - t r i m e t h y l s i l y l  e t h e r s  
w ere  s i m i l a r l y  p re p a re d  by h e a t in g  th e  a l c o h o l  sam p le s  w i t h  
d r y  d im ethy lfo rm am ide  (100KL) and b i s  ( t r i m e t h y l s i l y l )  
a c e ta m id e  (lO O ul) a t  100°C f o r  t h i r t y  m inu tes*  The r e s u l t s  
a r e  shown i n  t a b l e  2, (p23) and a r e  t h e  a v e ra g e  v a l u e s .
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SECTION 2 
THE BIOSYNTHESIS OP BISABOIENE
(5)( 2)
(10)
(3)
(11)
(6) (8)
(9)
SCHEME 1
(12) (13) (14) (15)
(16)
S e c t io n  2 .
The B i o s y n t h e s i s  o f  B isa b o le n e .
I n t r o d u c t i o n
The s e s q u i t e r p e n o id s  a re  a  l a r g e  and d i v e r s e  g ro u p  o f  
n a t u r a l l y —o c c u r r in g  compounds encom passing  a  v a r i e t y  o f  
s t r u c t u r a l  ty p e s  and f u n c t i o n a l  g ro u p s .  At t h e  p r e s e n t  
t im e ,  o v e r  one hundred s e s q u i t e rp e n e  c a rb o n  s k e l e t o n s  a r e  
known ( 1 ) .  The s tu d y  o f  th e  ways i n  w hich  N a tu re  can  d e r i v e  
su c h  d i v e r s i t y  from one m o lecu le ,  t r a n s , t r a n s - f a r n e s y l  
p y ro p h o sp h a te  (1 )  i s  a  f a s c i n a t i n g  c h a l l e n g e .
The f i r s t  s t e p  in  th e  fo rm a t io n  o f  a lm o s t  a l l  c y c l i c  
s e s q u i t e r p e n o i d s  ( 1 ,2 )  in v o lv e s  n u c l e o p h i l i c  a t t a c k  o f  one 
o f  t h e  do u b le  bonds o f  th e  i s o p r e n o id  c h a in  on C - l  o f  e i t h e r  
t r a n s , t r a n s - f a r n e s y l  py rop hosp ha te  (1 )  o r  c i s , t r a n s -  
f a r n e s y l  py ro pho spha te  ( 2 ) .  Some o f  t h e  p o s s i b l e  c y c l i s -  
a t i o n  modes, which i n i t i a l l y  p roduce  th e  n o n - c l a s s i c a l  
ca rb o n iu m  io n s  ( 3 ) ,  (4 )  and ( 5 ) ,  a r e  shown i n  scheme 1 .  The 
f u r t h e r  re a r ra n g e m e n ts  o f  th e  d e r iv e d  c a t i o n s  (6 )~(IL.)* by 
means o f  s t e r e o s p e c i f i c  c y c l i s a t i o n s ,  h y d r id e  s h i f t s  and 
m e th y l  s h i f t s ,  g iv e  r i s e  to  t h e  p r o f u s io n  o f  s k e l e t a l  t y p e s .
I t  sh o u ld  be n o ted  t h a t  such e n z y m e -c a ta ly s e d  c y c l i s a t i o n s  
p r o b a b ly  do n o t  in v o lv e  f r e e  carbonium  io n s  a s  i l l u s t r a t e d ,  
b u t  r a t h e r  t h e i r  enzyme—bound e q u iv a le n ts®  However, f o r  t h e  
s a k e  o f  c o n v en ien c e ,  t h e  b i o s y n t h e s i s  o f  s e s q u i t e r p e n o i d s  i s  
n o rm a l ly  d i s c u s s e d  i n  te rm s  o f  f r e e  carbonium  i o n s .
One o f  th e  most im p o r ta n t  o f  t h e s e  io n s  i s  t h e  b i s a b o l e n y l  
c a t i o n  (1 0 )  which by l o s s  o f  a  p ro to n  g e n e r a t e s  e i t h e r  Z- 
o r  E -Y -b is a b o le n e  (12 ) o r  ( 1 3 ) .  T hree  f u r t h e r  c a t i o n s  ( 1 4 ) ,  
( 1 5 )  and (1 6 )  cou ld  be g e n e ra te d  e i t h e r  by p r o t o n a t i o n  o f  
Y - b is a b o le n e  o r  by an  in t r a m o l e c u l a r  h y d ro g en  m ig r a t i o n  m
b,
(2 0 )
- - O C H 3 
0 C 0 ( C H  =  C H ) ^ C 0 0 H
(18)
(17)
■'■OCH
0
(19)
SCHEME 2
OH
O C H
( ■■) coupled atoms
SCHEME 3
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i o n  (IX)). B isab o len e  and th e  f o u r  d e r iv e d  c a t i o n s  have 
been  su g g e s te d  a s  p o s s io ie  i n t e r m e d i a t e s  i n  t h e  b i o g e n e s i s  
o f  a  l a r g e  numoer o f  s e s q u i t e r p e n o id s .
S e v e r a l  g roups o f  s e s q u i t e r p e n o id s  can  be d e r iv e d  from  
c a t i o n  (3X3) by c y c l i s a t i o n ,  re a r ra n g e m e n t  and d e p ro to n a t io n ©  
T hese  in c lu d e  compounds which a r e  s t r u c t u r a l l y  
i s o p r e n o lo g o u s  m onoterpenes such a s  (3—bergam otene  (17 )*
Some y e a r s  ago i t  was shown (3 )  i n  c u l t u r e s  o f  A s p e r g i l l u s  
f u m ig a tu s  t h a t  m evalonate  i s  s p e c i f i c a l l y  i n c o r p o r a t e d  
i n t o  t h e  a n t i b i o t i c  f u m a g i l l i n  (18 ) th e r e b y  e s t a b l i s h i n g  
i t s  t e r p e n o id  n a t u r e .  B irch  proposed  (4 )  a  n o v e l  mechanism 
f o r  i t s  f o rm a t io n  from c i s , t r a n s - f a r n e s y l  p y ro p h o sp h a te  
( 2 )  v i a  (3-bergam otene  (17) (scheme 2 ) .  The b i o s y n t h e s i s
(13)
o f  t h e  s t r u c t u r a l l y  s i m i l a r  compound o v a l i c in / \h a s  r e c e n t l y
13 ■ ,b e e n  i n v e s t i g a t e d ’ i n  d e t a i l .  When LI, 2 -  C2 j a c e t a t e  was
13u se d  a s  a  p r e c u r s o r ,  C NMR a n a l y s i s  showed (5 )  t h a t  s i x
i n t a c t  a c e t a t e  u n i t s  had been in c o r p o r a te d  i n t o  o v a l i c i n ,
13w h i le  C -5 ,  C-8 and G-13 a l th o u g h  e n r ic h e d  i n  G a p p e a re d  
a s  s i n g l e t s ,  i n d i c a t i n g  t h a t  t h e y  were d e r iv e d  from  C-2 o f  
m e v a lo n a te .  The d i r e c t  r o u t e  (b )  from  t h e  b i s a b o le n y l  c a t i o n  
( 1 0 ) t o  t h e  t e t r a e n e  in te r m e d ia t e  (2 0 )  in v o lv e s  a  1 , 3 - s h i f t  
o f  t h e  r i n g  m ethy l g rou p . T h is  r o u t e  i s  i n c o n s i s t e n t  w i t h  
t h e  f i n d i n g  t h a t  C-6 and C -14 o r i g i n a t e  from t h e  same 
a c e t a t e  m o le c u le .  F u r th e r  su p p o r t  f o r  r o u t e  ( a )  i n v o lv i n g  
(3-bergamotene (17 ) comes from e x p e r im e n ts  (6 )  u s i n g  
[ 3 , 4 -  C o Jn e v a lo n a te  ( 2 1 ) .  Carbons 1  and  6 o f  o v a l i c i n ,  
d e r i v e d  from  C-4 and C-3 r e s p e c t i v e l y  o f  t h e  same 
m e v a lo n a te  m o le cu le ,  gave r i s e  to  a  p a i r  o f  d o u b l e t s  i n  t h e  
13C sp e c tru m , a s  d id  C-10 and 0 -1 1 . Carbon a tom s 3 and 7 
o f  o v a l i c i n  ap p ea red  a s  enhanced s i n g l e t s ,  i n d i c a t i n g  t h a t
(23) (22)
OH '
(2 4 )
SCHEME 4
(26) 
SCHEME 5
\  *
(29) (31)
OH
(33)
SCHEME 6
i n  t h i s  p r e n y l  u n i t  t h e  C-3, C-4 bond o f  m ev a lo n a te  had
b e en  b ro k en  (scheme 3 ) .  T h is  e v id e n c e  a g a in  s u p p o r t s
r o u t e  ( a )  and th e  in te rm e d ia c y  o f  (3-bergamot ene i n  t h e
b i o s y n t h e s i s  o f  o v a l i c in *
No b i o s y n t h e t i c  i n f o r m a t io n  i s  a v a i l a b l e  on t h e  o t h e r
i s o p r e n o lo g o u s  m o no te rpeno id s  such  a s  a - s a n t a l e n e  ( 2 2 ) ,
(3 -sa n ta len e  (2 3 )  and cam pharenol ( 2 4 ) ,  whose b i o g e n e s i s
i s  th o u g h t  t o  in v o lv e  c a t i o n  (1 0 )  (schem e 4)*
C a t io n s  (1 4 )  and (1 5 )  have been p ro p o sed  a s  p o s s i b l e
i n t e r m e d i a t e s  i n  th e  b io g e n e s i s  o f  [ 4 « 5 ] s p i r o c y c l i c
s e s q u i t e r p e n o i d s  such  a s  a - a c o r e n o l  (2 5 )  and a c o io n e  (2 6 )*
%
I t  h a s  b een  su g g e s te d  t h a t  c y c l i s a t i o n s  o f  t h e s e  two 
d i f f e r e n t  c a t i o n s  g iv e  r i s e  to  t h e  two e n a n t io m e r ic  s e r i e s  
o f  [ 4 * 5 ] s p i r o c y c l i c  s e s q u i t e r p e n o id s  w hich  a r e  fou nd  i n  
N a tu r e .  The s p i r o c y c l i c  c a t i o n  ( 2 7 ) ,  w hich  i s  t h e  supposed  
i n t e r m e d i a t e  i n  t h e  f o r m a t io n  o f  a - a c o r e n o l  (2 5 )  h a s  a l s o  
b e e n  invoked  (7 )  i n  th e  p ropo sed  b i o g e n e s i s  o f  t h e  t r i ­
c y c l i c  c e d ra n e s  such  a s  ( - ) - a - c e d r a n e  ( 2 8 ) ,  a s  shown i n  
scheme 5« An a l t e r n a t i v e  b i o g e n e s i s  o f  th e  c e d r a n e s  h a s  
b e en  p ropo sed  ( 2 ) ,  w hich  in v o lv e s  c o n c e r t e d  c y c l i s a t i o n  o f  
Y -b is a b o le n e  (12 )»
C y c l i s a t i o n  o f  c a t i o n  ( 1 6 ) ,  a s  shown i n  scheme 6 , may 
p ro c e e d  i n  two d i f f e r e n t  s e n s e s  to  y i e l d  t h e  s p e c i e s  (2 9 )
° r  (3 0 )*  s p i r o c y c l i c  c a t i o n  ( 2 9 ) ,  whose f o r m a t io n  by
d i r e c t  c y c l i s a t i o n  o f  f a r n e s y l  p y ro p h o sp h a te  i s  a ls o  con­
c e i v a b l e  ( 8 ) ,  i s  th o u g h t  to  be t h e  p r e c u r s o r  o f  t h e  
c h a m ig ra n e s  such  a s  (3-chamigrene ( 3 1 ) .  R earrangem en t 
o f  t h e  cham igrane  c a t i o n  r e s u l t s  i n  t h e  f o r m a t io n  o f  t h e  
w id d ra n e  and th u jo p s a n e  s k e l e t o n s  a s  e x e m p l i f i e d  by 
w id d r o l  (3 2 )  and th u jo p s e n e  ( 3 3 ) ,  r e s p e c t i v e l y .  The
(30) (34)
(35)
0 C 0 C H = C H C H
(36)
CH
(37) (38)
h o h2c c o 2
■>
(39)
(41)
( 4 0 )  OR 
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b i c y c l i c  c a t i o n  (30) h a s  been  p rop osed  a s  t h e  p r e c u r s o r  o f  
a  number o f  c l o s e l y  r e l a t e d  s e s q u i t e r p e n e  s k e l e t o n s .  Com­
pounds o f  th e  cu p arane  c l a s s  such a s  c u p a ren e  (3 4 )  a r e  
fo rm ed from  c a t i o n  (30 ) w i th o u t  r e a r r a n g e m e n t ,  w h i le  f o r ­
m a t io n  o f  t h e  t r i c h o th e c a n e  s k e l e to n  (3 5 )  r e q u i r e s  a  
1 ,3 - m e t h y l  s h i f t  o r  two 1 ,2 -m e th y l  s h i f t s .
The b i o s y n t h e s i s  o f  t h e  t r i c h o t h e c a n e  a n t i b i o t i c s  h a s  
been  t h e  s u b j e c t  o f  e x te n s iv e  i n v e s t i g a t i o n  f o r  many y e a r s  
and m ust be th e  most th o ro u g h ly  s t u d i e d  a r e a  o f  s e s q u i ­
t e r p e n e  b i o s y n t h e s i s .  T r i c h o th e c in  ( 3 6 ) ,  w hich  i s  a  
m e t a b o l i t e  o f  T r ic h o th e c iu m  roseum , i s  p e rh a p s  t h e  b e s t  
known o f  t h i s  g roup o f  compounds. H e l i c o b a s id i n  (3 7 )  i s  
one o f  th e  two m ajo r m e t a b o l i t e s  o f  H e l ic o b a s id iu m  mompa, 
and a l th o u g h  i t  i s  s u p e r f i c i a l l y  d i s s i m i l a r ,  c l o s e r  i n ­
s p e c t i o n  r e v e a l s  t h a t  i t  i s  a  c u p a ra n e ,  based  on c a rb o n  
s k e l e t o n  (38 ) w h i le  t r i c h o t h e c i n  i s  based  on t h e  
t r i c h o t h e c a n e  s k e l e to n  (35)*
As p r e v io u s ly  d i s c u s s e d ,  t h e  p ro -4S hy d ro gen  atom o f
m e v a lo n a te  i s  l o s t  i n  th e  f o r m a t io n  o f  b o th  t r a n s , t r a n s -
and c i s , t r a n s - f a r n e s o l  i n  a l l  c a s e s  which have  been
3
i n v e s t i g a t e d .  Thus, s t a r t i n g  w i th  ( 4 R ) - [ 4 -  H ^ ]m ev a lo n a te ,
t h e r e  sh o u ld  be com ple te  r e t e n t i o n  o f  t r i t i u m  i n  c i s ,
t r a n s - f a r n e s y l  p y ro p h o sp h a te  ( 3 2 ) ,  l o s s  o f  one t r i t i u m
upon i n c o r p o r a t i o n  i n to  t r i c h o t h e c i n  (4 0 )  and l o s s  o f  two
l a b e l l e d  atom s i n  h e l i c o b a s i d i n  (4 1 )  (schem e 7 ) •  Hanson
h a s  v e r i f i e d  e x p e r im e n ta l ly  (9 )  t h a t  two o u t  o f  t h r e e
l a b e l s  a r e  i n  f a c t  r e t a i n e d  i n  t r i c h o t h e c i n  d e r iv e d  from  
3
( 4 R ) - [ 4 -  H -jJm evalonate. When th e  same e x p e r im e n t  was 
c a r r i e d  o u t  i n  H. mompa ( 1 0 ) ,  an i n t e r e s t i n g  r e s u l t  was 
o b s e r v e d .  I n s t e a d  o f  two t r i t i u m  atom s b e in g  l o s t ,  two o f
(42) (12) (16)
■>
(2 )
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t h e  t h r e e  were r e t a i n e d .  A c o - m e ta b o l i t e  i n  H^ mompa (4 2 )  
was fo und  to  r e t a i n  a l l  t h e  t r i t i u m  a c t i v i t y ,  i n d i c a t i n g  
t h a t  l a b e l  a t  C-6 o f  f a r n e s y l  p y ro p h o sp h a te  i s  somehow 
t r a n s f e r r e d  to  t h e  five-m em bered  r i n g .  T h is  r e s u l t  l e d  
Nozoe to  p ro p o se  t h a t  b i s a b o le n e  d e r i v a t i v e s  such  a s  (1 2 )  
an(  ^ ( i £ )  a r e  no^ in v o lv e d  i n  th e  b i o s y n t h e s i s  o f  h e l i c o ­
b a s i d i n .  L a t e r  work (1 1 ) showed t h a t  t h e r e  was no l o s s  o f  
l a b e l  from  C-6 o f  f a r n e s y l  p y ro p h o sp h a te  d u r in g  c y c l i s a t i o n  
t o  t h e  t r i c h o t h e c a n e  s k e l e t o n ,  and t h a t  th e  hyd ro gen  atom 
had p ro b a b ly  m ig ra te d  to  C-2 o f  t h e  p r o d u c t .
On t h i s  b a s i s  Hanson h a s  su g g e s te d  (12 )  t h a t  c y c l i s ­
a t i o n  o f  c i s , t r a n s - f a m e s y l  p y ro p h o sp h a te  (2 )  may be 
c o n c e r t e d  w i th  a t t a c k  o f  th e  enzyme i n i t i a t i n g  c y c l i s a t i o n  
a t  C -1 0 . H ydride  from  C-6 o f  t h e  s u b s t r a t e  t h e n  m ig r a te s  
t o  C -10 to  d i s p l a c e  enzyme a s  shown i n  scheme 8 .  The 
in v o lv e m en t  o f  c i s , t r a n s - f a r n e s y l  p y ro p h o sp h a te  (2 )  i n  
t h e  i n i t i a l  c y c l i s a t i o n  was i n d i c a t e d  (1 3 )  by t h e  o b s e rv ­
a t i o n  t h a t  t h e  p r o - IS  hydrogen  o f  t h e  t r a n s , t r a n s  i so m e r  
was s t e r e o s p e c i f i c a l l y  l o s t  on i n c o r p o r a t i o n  i n t o  t r i c h o -  
d ie n e  (4 3 )  i n  a  c e l l - f r e e  sys tem  from  T^ roseum .
S i m i l a r  r e s u l t s  have been  o b ta in e d  (1 4 )  by A r ig o n i* s  
g ro up  i n  t h e  s tu d y  o f  t h e  b i o s y n t h e s i s  o f  t h e  c u p a ra n e  
d e r i v a t i v e  la g o p o d in  B ( 4 4 ) .  A number o f  p ro p o sed  i n t e r ­
m e d ia t e s ,  i n c l u d i n g  c u p a ren e  ( 3 4 ) ,  were shown t o  be
3 14e f f i c i e n t  p r e c u r s o r s  o f  la g o p o d in  B. (4 R )~ [4 -  2 -  C]
M eva lon a te  was s p e c i f i c a l l y  i n c o r p o r a te d  i n t o  l a g o p o d in  B, 
and d e g r a d a t io n  showed t h a t  h a l f  a  t r i t i u m  e q u iv a l e n t  was 
l o c a t e d  a t  C-2 w h i le  t h e  re m a in in g  two e q u i v a l e n t s  w ere  a t  
C -9 .  I t  may be co nc luded  from  t h i s  r e s u l t  t h a t  d u r in g  
c y c l i s a t i o n  a  1 ,4 - h y d r id e  s h i f t  from  C-6 to  C-9 o c c u r s ,
A(46) (45)
b
- - >
(8)
C
(47) (45)
(48)
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(5 3 )  (•) label from [2-^C]mevalonate
e x c lu d in g  a  b is a b o le n e  d e r i v a t i v e  such  a s  (1 2 )  a s  a  
b i o s y n t h e t i c  in te r m e d ia te *
S e s q u i t e r p e n o id s  which have a  1 ,7 —d im e th y l—4— 
i  so p ro  py Id  ec a l i n  system  a s  i n  ( 4 5 ) ,  o c c u r  a s  f o u r  s e r i e s  
o f  s t e r e o c h e m ic a l  v a r i a n t s .  Three p r o p o s a l s  have  been  made 
f o r  t h e i r  b io g e n e s i s  (2 ,1 5 )*  Pathway ( a )  i n  scheme 9 
i n v o l v e s  t h e  b i s a b o le n y l  c a t i o n  (10 )*  T h is  l e a d s  to  f o r ­
m a t io n  o f  Tr-curcumene ( 4 6 ) ,  which c y c l i s e s  to  t h e  r e q u i r e d  
sy s tem  (45)*  Pathway (b )  in v o lv e s  fo r m a t io n  o f  t h e  
g e rm acran e  c a t i o n  ( 8 ) ,  w hich u n d e rg o e s  a  1 ,5 -h y d ro g e n  
s h i f t  to  g iv e  c a t i o n  (47 )  and t h i s  c o u ld  c y c l i s e  a s  shown*
The t h i r d  p o s s i b i l i t y  in v o lv e s  t h e  in te rm e d ia c y  o f  c i s , c i s -  
f a r n e s y l  p y ro p h o sp h a te  (^ 8 )  which c o u ld  i s o m e r i s e  and 
u n dergo  c o n c e r te d  c y c l i s a t i o n  a s  shown*
The f u n g a l  m e ta b o l i t e  a v o c e t t i n  (4 9 )  i s  th o u g h t  to  be 
t h e  end p ro d u c t  o f  e x te n s iv e  o x i d a t i v e  a t t a c k  o f  e n t - V- 
c a d in e n e  (50)#  Recent s t u d i e s  by A r ig o n i  (1 6 )  on a v o c e t t i n  
and a  number o f  o t h e r  m e t a b o l i t e s  d e r iv e d  from  t h e  c a d in a n e  
sy s tem  have shown t h a t  th e y  a r e  a l l  b i o s y n t h e s i s e d  v i a  t h e  
ge rm acran e  c a t i o n  (8 )  and t h a t  s t e r e o s p e c i f i c  1 ,5 -h y d ro g e n  
m i g r a t i o n  t a k e s  p lace*
G ossypo l (5 1 )  i s  a  t o x i c  y e llo w  compound i s o l a t e d  from  t h e  
c o t t o n  p l a n t .  B i o g e n e t i c a l l y ,  i t  may be c o n s id e r e d  a s  
h a v in g  a r i s e n  by pheno l o x i d a t i v e  c o u p l in g  o f  two 0^5
14  _
u n i t s  o f  th e  l , 7 - d i m e t h y l - 4 - i s o p r o p y l d e c a l i n  t y p e .  [2 -  0 ]
M evalona te  was shown to  be s p e c i f i c a l l y  i n c o r p o r a t e d  i n t o  
g o s s y p o l  (1 7 )  and no l a b e l  was l o s t  on d e g r a d a t io n  to  
g o s s i c  a c id  ( 5 2 ) .  T h is  e l i m i n a t e s  t h e  mode o f  c y c l i s a t i o n  
o f  c i s ,  t r a n s - f a r n e s y l  p y ro p h o sp h a te  im p l ie d  i n  ( 5 5 ) ,  w hich  
s h o u ld  l e a d  to  l o s s  o f  one t h i r d  o f  t h e  a c t i v i t y  i n  g o s s i c
D(54)
(55) (56)
d label from [2-^C]geraniol  
a  label from [ 2 - ^Clfarnesol
(58)
c h 2 o ^ p
c h 2 o ^ p
(57)
(48)
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a c i d .  Y/hen [2- G ]g e ra n io l  (,54) was u se d  a s  p r e c u r s o r ,  t h e
g o s s i c  a c i d  o b ta in e d  was r a d i o a c t i v e l y  l a b e l l e d ,  b u t  no
14r a d i o a c t i v i t y  was found i n  g o s s ic  a c id  when [2— 0 ]
f a r n e s o l  was u s e d .  Thus t h e  mode o f  c y c l i s a t i o n  i n  
g o s s y p o l  fo rm a t io n  must be a s  im p l ie d  i n  (5 5 )  and n o t  ( 5 6 ) .
I n  a d d i t i o n ,  a l l  f o u r  g e o m e tr ic a l  iso m e rs  o f  f a r n e s y l  
p y ro p h o sp h a te  were t e s t e d  a s  p r e c u r s o r s  ( 1 8 ) .  Only th e  
2~c i s - i s o m e rs  were in c o r p o r a te d  and t h e  2 -c i s , 6 - c i s -  
i so m e r  was by f a r  th e  b e s t  p r e c u r s o r .  N e ry l  p y ro p h o sp h a te
(5 7 )  was a  f a r  b e t t e r  p r e c u r s o r  th a n  g e r a n y l  p y ro p h o sp h a te
( 5 8 ) .  A l l  t h e s e  r e s u l t s  im ply  t h a t  2 - c i s ,  6 - c i s - f a r n e s y l  
p y ro p h o sp h a te  (48 )  i s  t h e  p r e c u r s o r  w hich  i s  c y c l i s e d  a s  
im p l ie d  i n  ( 5 5 ) .  T h is  i s  t h e  o n ly  c a se  i n  which th e  6- c i s  
iso m e r  o f  f a r n e s o l  h a s  been i m p l i c a te d  i n  s e s q u i t e r p e n o id  
b i o s y n t h e s i s .  I t  may be n o te d  t h a t  i t s  p u t a t i v e  p r e c u r s o r ,  
n e r y l  p y ro p h o sp h a te  (57 )  h a s  been  r e p o r t e d  (1 9 )  t o  be 
e s s e n t i a l l y  u n r e a c t i v e  i n  enzym atic  c o n d e n s a t io n  w i th  
i s o p e n t e n y l  p y ro p h o sp h a te .
CHoOH
(60)
(61)
15
c h 3 CHoOH
1 13
(62)
CHc h 2 o h
(63)
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D is c u s s io n .
Andro g r a p h i s  p a n io u l a t a  Nees. ( A c a n th a c e a e ) . known i n  
E n g l i s h  a s  th e  c r e a t  p l a n t ,  i s  n a t i v e  to  I n d i a  and t h e  
t r o p i c s .  I t  form s th e  b a s i s  o f  numerous t r a d i t i o n a l  
I n d i a n  m e d ic in a l  p r e p a r a t i o n s  (20 )  and b e c a u se  o f  t h i s ,  i t s  
c o n s t i t u e n t s  have been th e  s u b j e c t  o f  s e v e r a l  i n v e s t i g a t i o n s  
( 2 1 ) .  The p l a n t  c o n ta in s  a  v a r i e t y  o f  d i t e r p e n o i d s  b ased  
on  e n t - l a b a t r i e n e  (59 ) o f  which a n d ro g r a p h o l id e  (6 0 )  i s  
t y p i c a l .  However, no d i t e r p e n o i d  s u b s ta n c e s  c o u ld  be de­
t e c t e d  (2 2 )  i n  c a l l u s  t i s s u e  c u l t u r e s  o f  A. p a n i o u l a t a  
d e s p i t e  t h e  e x am in a tio n  o f  s e v e r a l  i s o l a t e s  from  d i f f e r e n t  
p l a n t  p a r t s  o b ta in e d  u n d e r  v a r i o u s  c o n d i t i o n s  o f  c u l t u r e .  
I n s t e a d ,  t h r e e  s e s q u i t e r p e n o id  l a c t o n e s , - p a n i c u l i d e s  A ( 6 1 ) ,  
B (6 2 )  and C (6 3 )  were i s o l a t e d  from t h e  c u l t u r e  medium 
( 2 3 ) .  P a n ic u l id e  B (6 2 )  was c o n s i s t e n t l y  p roduced  i n  l a r g e  
am ounts , w h i le  p a n ic u l i d e  A (6 1 )  was p roduced  by c u l t u r e s  
w hich  were grown i n  t h e  d a rk  and th e  u n s t a b l e  compound 
p a n i c u l i d e  G (63 ) a p p ea re d  o n ly  s p o r a d i c a l l y .  These  
m e t a b o l i t e s  b e a r  f u n c t i o n a l  g ro u p s  s i m i l a r  to  t h e  d i t e r ­
p e n o id s  and a p p e a r  t o  be based  on Y -b is a b o le n e  (1 2 )  (13)«
On th e  o t h e r  hand , none o f  t h e s e  s e s q u i t e r p e n o i d s  i s  
p r e s e n t  i n  th e  i n t a c t  p l a n t .  T h is  i s  a  r a t h e r  r a r e  example 
o f  a  t i s s u e  c u l t u r e  which p ro d u ce s  m e t a b o l i t e  n o t  c l o s e l y  
r e l a t e d  to  s u b s ta n c e s  found i n  t h e  p a r e n t  p l a n t .  T h is  
u n e x p e c te d  r e s u l t  prom pted t h e  i n v e s t i g a t i o n  o f  t h e  b i o ­
s y n t h e s i s  o f  t h e s e  s e s q u i t e r p e n o id s  i n  o u r  l a b o r a t o r i e s .
D e s p i t e  t h e  im p o r tan c e  w hich  h a s  been  a t t a c h e d  to  t h e  
r o l e  w hich  Y -b is a b o le n c ,  o r  c a t i o n s  d e r iv e d  from  i t ,  p la y  
i n  t h e  b i o s y n t h e s i s  o f  s e s q u i t e r p e n o i d s ,  t h e  b i o s y n t h e s i s  
o f  t h e  p a r e n t  compound h a s  n e v e r  been s t u d i e d  i n  d e t a i l *
(12) (13) 
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I n  1962, R uzicka  o u t l i n e d  (24) p o s s ib l e  pathw ays f o r  th e  
f o r m a t io n  o f  Y—b is a b o le n e  a s  shown i n  scheme 10* He p ro ­
posed  t h a t  e i t h e r  c i s ,  t r a n s - f a r n e s y l  p y ro p h o sp h a te  ( 2 ) o r  
"fcke c i s , c i s - i s o m e r  ( 4 8 ) cou ld  c y c l i s e ,  a s  p r e v i o u s l y  d i s ­
c u s s e d ,  t o  g iv e  Z -Y -b isab o len e  (12) o r  E -Y -b is a b o le n e  (1 5 )  
r e s p e c t i v e l y *  However, a  c ro s s o v e r  pathw ay v i a  n o n - c l a s s i c a l  
c a t i o n s  i s  p o s s ib l e  i n  p r i n c i p l e ,  a s  scheme 10 d e m o n s t r a te s .  
T h is  a r i s e s  o u t  o f  th e  p o s s ib l e  i n t e r c o n v e r s i o n  o f  t h e  
i n t e r m e d i a t e  carbonium  io n s  ( 1 0 ) and ( 6 4 ) by r o t a t i o n  a b o u t  
t h e  C -6 , C-7 bond* Thus, e i t h e r  g e o m e t r i c a l  i so m er  o f  
f a r n e s y l  p y ro p h o sp h a te  cou ld  be th e  s u b s t r a t e  and e i t h e r  
g e o m e t r i c a l  isom er o f  Y -b is a b o le n e  c o u ld  be t h e  p ro d u c t  i n  
t h e  c y c l i s a t i o n .
A s e r i e s  o f  e x p e r im e n ts  was d e v is e d  to  r e s o l v e  t h e s e  
q u e s t i o n s  by th e  s tu d y  o f  th e  b i o s y n t h e s i s  o f  p a n i c u l i d e  B 
(6 2 )  i n  A* p a n i c u l a t a  t i s s u e  c u l tu r e s *  As shown i n  scheme 
1 1 , a  p r e l im in a r y  answ er to  t h e  problem  co u ld  come from  
e x a m in a t io n  o f  t h e  f a t e  o f  C-2 o f  m ev a lo n a te  i n  p a n i c u l i d e  
B. Two o f  t h e  p roposed  pathw ays would l e a d  to  0 -9  o f  
p a n i c u l i d e  B b e in g  d e r iv e d  from  C-2 o f  m e v a lo n a te ,  w h i le  
j i n  t h e  o t h e r  two pathw ays C - l l  would be d e r iv e d  from  C-2 
o f  m ev a lo n a te  * S in c e  i s o l a t i o n  o f  t h e  d i a g n o s t i c  c a rb o n
by  d e g r a d a t io n  would be d i f f i c u l t  i n  t h e  c a s e  o f  p a n i c u l i d e
13
B, t h e  problem  was t a c k le d  by C NMR.
13
The u s e  o f  [ 1 , 2 -  C2] a c e t a t e  a s  a  p r e c u r s o r  o f  t e r ­
p e n o id s  r e a d i l y  a l lo w s  t h e  i d e n t i f i c a t i o n  o f  c a rb o n  atom s 
o f  t h e  m e t a b o l i t e  w hich  a r e  d e r iv e d  from  C- 2  o f  m ev a lo n a te
( 2 5 ) .  The a c e t a t e  p r e c u r s o r  u sed  i s  h i g h l y  e n r i c h e d  a t
13 13b o th  c a rb o n  atom s and th u s  shows C— C c o u p l in g  i n  t h e  
« C  NMR sp e c tru m . When m eva lo na te  i s  b i o s y n t h e s i s e d  from
H0 X '
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T ab le 1*
NMH s p e c t ru m  o f  p a n i c u l i d e  B.
Peak  no* C h em ica l  
s h i f t  
<£( Ppm)
No • o f  
a t t a c h e d  H 
a tom s ( o f f  
r e s o n a n c e )
E n r ic h e d  ,7 
f rom  [1- ^ 0 ] 
a c e t a t e
A ss ig n m en t
1 1 7 3 .3 0 - C-14
2 1 6 1 .0 0 - 0 -7
3
4
1 3 1 .3
1 2 6 .4
0
0
+
+
0 - 2 , C- 6
5 1 2 3 .5 1 - 0 -3
6 7 5 .2 1 + C- 8
7 6 7 .2 1 + 0 -1 2
8 6 3 .6 z - 0 -1 5
9 6 1 .8 1 - G - l l
10 6 0 .1 0 + 0 -1 0
11 3 2 .7 2 - C-9
12 2 7 .1 2 + C-4
13 2 5 .3 3 - 0 - 1
14 2 2 .8 2 - 0 -5
15 1 7 .4 3 — 0 -1 3
30 15
13
hrj
H-P5
p4
CD
. H T3 U5 4 O o
ct* t2j
° §P 53
0. H
CD
>  o cr1 
£  £  
P  p  
H  p .  
CD P
P- PO
CD
COP
CDO
ct*4
P3
oH)
P
P
P
H-O
PHH-
p .
CD
bd
o
o
CD
n
CO
CD
n
o
o
o
CO
o
o
o
CO
- 4 3 -
a o u b l y - l a b e l l e d  a c e t a t e  a s  shown i n  scheme 1 2 , t h e r e  a r e
t h r e e  p a i r s  o f  i n t a c t  a c e t a t e  u n i t s .  Thus i n  t h e  15C NMR
sp ec tru m  o f  t h i s  m eva lona te  one o b s e rv e s  c o u p l in g  o f  C - l
w i t h  C -2 , C-3 w i th  C -3 ’ and C-4 w i th  C-5» No c o u p l in g  i s
o b se rv e d  betw een  a d ja c e n t  a c e t a t e  u n i t s  s in c e  t h e  p r e c u r s o r
i s  i n c o r p o r a te d  h ig h ly  d i l u t e d  w i th  u n l a b e l l e d  endogenous
a c e t a t e .  Thus t h e r e  i s  o n ly  a  sm a ll  ( b u t  f i n i t e )  chance
t h a t  any one m o lecu le  o f  m e t a b o l i t e  c o n t a i n s  more t h a n  one
l a b e l l e d  a c e t a t e  u n i t .  When m ev a lo n a te  i s  c o n v e r te d  i n t o
i s o p e n t e n y l  p y ro p h o sp h a te ,  C - l  i s  l o s t  a s  c a rb o n  d i o x i d e .
13I n  t h i s  s t e p ,  C-2 l o s e s  i t s  C p a r t n e r  and th u s  c a rb o n
atom s d e r iv e d  from  C-2 o f  m ev a lo n a te  a r e  n o t  c o u p le d  i n
13 13t h e  J"'C NMR spec trum  o f  any t e r p e n o id  form ed from  [ 1 , 2 -  C]
13a c e t a t e .  I t  sh o u ld  be n o ted  t h a t  s i g n a l s  from  c o u p le d  C
atom s c o n ta in  two e le m e n ts ,  a  d o u b l e t ,  p roduced  by m o le -
13c u l e s  w hich  have n e ig h b o u r in g  e n r ic h e d  C and a  s i n g l e t ,
p rodu ced  by th o s e  m o le c u le s  w hich  do n o t  have  n e ig h b o u r in g  
13e n r ic h e d  C. Thus a l l  c o u p led  atom s g iv e  s i g n a l s  w hich  
•appear a s  t r i p l e t s ,  w h i le  c a rb o n  atom s d e r iv e d  from  C- 2  o f  
m e v a lo n a te  g iv e  s i n g l e t s  whose i n t e n s i t y  i s  enhanced com­
p a re d  w i th  n a t u r a l  abundance .
The « C  NMR spec trum  o f  p a n ic u l i d e  B was a s s ig n e d  by 
means o f  c h em ic a l  s h i f t  d a t a ,  o f f - r e s o n a n c e  d e c o u p l in g  o f
o f  t h e  n a t u r a l  abundance sp ec tru m  and e x a m in a t io n  o f  t h e
13sp e c tru m  o f  m a t e r i a l  d e r iv e d  from  f e e d i n g  [ 1 -  C ] a c e t a t e .
The in f o r m a t io n  o b ta in e d  from t h e s e  e x p e r im e n ts  i s  summar-
13i s e d  i n  t a b l e  1 .  The n a t u r a l  abundance  C NMR sp e c tru m  
o f  p a n i c u l i d e  B i s  shown i n  f i g u r e  1 .  The lo w e s t  f i e l d  
r e s o n a n c e  a t  5 1 7 3 .3ppm can  be a s s ig n e d  on t h e  b a s i s  o f  i t s  
c h e m ic a l  s h i f t  to  th e  c a r b o n y l  g ro u p , C -14 . The c a r b o n y l
(6 5 )
fcj
3
3
H -O
3"
CD
p
cnH-
33 h-1 U)
P3
CD
H-
3
PH-O
Pc+
CD
P
*=3H*0^
3
3
CD
ro
h > h  
3  ^0 o
3 S
 1 Hp.
H 33
1
H f l  Ud 
O  CDo
c+
3  
d
3
o
3)
33
P
^ 3  33 H- 
3  0 o dc+ H 
O H-
3 P
CD
td30  
H-0) td 
CD H-
1 o
p  cn 
CD v j
o 3o ct- 
d 3* 
33 CD 
I-1 03 
CD H* 
P  0) 
CD 
P
T? -
3*~
- 4 4 -
s h i e l d i n g  o f  t h e  p a re n t  system  c y c lo b u ta n o l id e  i s  r e p o r t e d  
t o  be 178*4ppm ( 2 6 ) ,  and t h i s  v a lu e  would be e x p e c te d  to  
d e c r e a s e  by ab o u t 5ppm on c o n ju g a t io n ,  a s  i n  t h e  c a s e  o f  
s a t u r a t e d  and u n s a tu r a t e d  m e th y l  e s t e r s .  Peak  2 h a s  been  
a s s ig n e d  to  C-7, which i s  v in y lo g o u s ly  r e l a t e d  to  t h e  c a r ­
b o n y l  g ro u p . C a lc u l a t i o n  o f  th e  c h e m ic a l  s h i f t  o f  such  a  
c a rb o n  atom from s u b s t i t u e n t  p a ra m e te r s  g iv e s  a  v a lu e  o f  
166.9ppm , which i s  i n  r e a s o n a b ly  good ag reem en t w i th  t h e  
o b se rv e d  v a lu e  o f  161.0ppm. The re m a in in g  p eak s  f a l l  i n t o  
t h r e e  d i s t i n c t  g roup s on th e  b a s i s  o f  c h e m ic a l  s h i f t .
Peaks 3 , 4 and 5 c l e a r l y  c o r re sp o n d  to  t h e  t h r e e  r e -  
2m a m in g  sp  - h y b r i d i s e d  c a rb o n  atom s o f  p a n i c u l i d e  B, C -2 ,
C-3 and C-6 . O f f - r e s o n a n c e  e x p e r im e n ts  show t h a t  peak  5
i s  t h e  s i g n a l  from  a  ca rb o n  atom b e a r in g  one h y d ro g en ,
w h ich  a l lo w s  i t  t o  be a s s ig n e d  to  C-3* The s h i e l d i n g  o f
t h i s  c a rb o n  atom a t  8123*5ppm i s  i n  good ag reem en t w i th
t h a t  o f  s i m i l a r  ca rb o n  atom s i n  a c y c l i c  t e r p e n o i d s .  Peaks
3 and 4 c an n o t  be unam biguously  a s s ig n e d  a t  t h i s  s t a g e .
Peaks 6 , 7 , 8 , 9 and 10 a r e  th e  s i g n a l s  o f  c a rb o n
atom s b e a r in g  oxygen i . e .  C-8 , C -10, C - l l ,  C - l 2 and C - l 5*
On t h e  b a s i s  o f  o f f - r e s o n a n c e  e x p e r im e n ts ,  peak  8 can  be
a s s ig n e d  to  C-15, w h i le  peak  10 c o r r e s p o n d s  to  C -10 . The
13sp e c tru m  o f  p a n ic u l i d e  B d e r iv e d  from  [ 1-  C ] a c e t a t e
( f i g u r e  2 ) shows en richm en t o f  peaks  3 , 4 , 6 , 7 ,  10 and
1 2 .  R e g a rd le s s  o f  th e  mode o f  f o l d i n g  f a r n e s y l  p y ro p h o s -  
13p h a te ,  [1 -  C ] a c e ta t e  sh o u ld  l a b e l  p a n i c u l i d e  B a s  shown
i n  ( 6 5 ) .  Of th e  peaks i n  t h i s  g roup  w hich  rem a in  u n a s s i g n -
13ed , o n ly  peak 9 i s  n o t  e n r ic h e d  from  f l -  C j a c e t a t e ,  and
t h u s  must c o rre sp o n d  to  C - l l .  E s t e r i f i c a t i o n  r e s u l t s  i n
I"*a  d o w n f ie ld  s h i f t  o f  th e  re s o n a n c e  o f  a  c a r b i n o l
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c a rb o n  a tom . Peak 6 can  be a s s ig n e d  to  C-3 s i n c e  i t  i s  a t  
lo w e r  f i e l d  t h a n  peak 7 w hich  can  t h e r e f o r e  be a s c r i b e d  to  
C -1 2 .
The r e m a in in g  m eth y l and m ethy len e  c a rb o n  a tom s o f
p a n i c u l i d e  B i . e .  C - l ,  C -4 , C-5, C-9  and C-13 must a c c o u n t
f o r  t h e  r e m a in in g  s i g n a l s 0 Peak 12 i s  e n r i c h e d  when 
13
[ 1 -  CJ a c e t a t e  i s  u sed  a s  p r e c u r s o r  and t h u s  may be 
a s s i g n e d  to  C -4 . O f f - r e s o n a n c e  e x p e r im e n ts  showed t h a t  
p e a k s  11  and 14 b o th  c o r re sp o n d  to  m e th y len e  g ro u p s ,  and 
c o n s i d e r a t i o n  o f  t h e  r e l a t i v e  c h e m ic a l  s h i f t s ,  and t h e  
r e s i d u a l  c o u p l in g  o b se rv e d ,  a l lo w  t h e s e  s i g n a l s  to  be 
a s s i g n e d  to  C-9 and C-5 r e s p e c t i v e l y .  P eaks 13 and 15 
c o r re s p o n d  to  t h e  two m ethy l g ro u p s  C - l  and C -13 . A 
m e th y l  g roup  w hich  i s  c i s  to  an a l k y l  s u b s t i t u e n t  i s  more 
h i g h l y  s h i e ld e d  th a n  one which i s  t r a n s , a s  h a s  been  shown 
by t h e  s tu d y  o f  t h e  c i s -  and t r a n s -  iso m e rs  o f  b u t - 2- e n e  
and  a  v a r i e t y  o f  a c y c l i c  t e r p e n o i d s  ( 2 7 ) •  Thus peak  13 
and peak  15 can  be a s s ig n e d  to  C - l  and C-13 r e s p e c t i v e l y .
The o n ly  re m a in in g  a m b ig u i ty  i n  t h e  a s s ig n m e n t  i s  t h e  
i d e n t i t y  o f  p eak s  3 and 4 , which m ust be a s s ig n e d  to  C-2 
and C -6 .
Scheme 13 shows t h e  p o s s i b l e  pathw ays to  p a n i c u l i d e  B,
i n d i c a t i n g  th e  two d i f f e r e n t  a r ra n g e m e n ts  o f  a c e t a t e  u n i t s
13w h ich  c o u ld  be p ro d u ce d , The C NMR sp ec tru m  o f  p a n i c -
13u l i d e  B d e r iv e d  from  [ 1 , 2 -  C2 ] a c e t a t e  ( f i g u r e  3) shows 
t h r e e  s i g n a l s  w hich  a r e  e s s e n t i a l l y  s i n g l e t s  a s  e x p e c te d ,  
s i n c e  t h r e e  o f  t h e  c a rb o n  atom s o f  a  s e s q u i t e r p e n o i d  m ust 
be d e r i v e d  from  C-2 o f  m e v a lo n a te .  These s i n g l e t  s i g n a l s  
c o r r e s p o n d  to  C - l ,  C-5 and C -9 . P a n i c u l i d e  B i s  t h u s  r e ­
p r e s e n t e d  by ( 6 6 ) and n o t  ( 6 7 ) .  C arbon-11  o f  p a n i c u l i d e  B 
a p p e a r s  i n  t h e  sp ec tru m  a s  a  t r i p l e t  v/hich i s  made up  o f  a
T a b le  2 .
13 13C - C c o u p l in g  c o n s t a n t s  o b t a i n e d  from  
t h e  sp e c tru m  shown i n  f i g u r e  3 .
C arbon C h em ica l
s h i f t
tf(ppm)
1 2 5 .3 -
2 1 3 1 .2 4 ?
3 1 2 3 .5 • 43
4 2 7 .1 44
5 2 2 .8 -
6 1 2 6 .4 62
T 1 6 1 .0 35
8 7 5 .2 35
9 3 2 .7 ■ -
10 6 0 .1 49
1 1 6 1 .8 46
12 6 7 .2 46
13 1 7 .4 42
14 1 7 3 .3 63
15 6 3 .6 49
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s i n g l e t  n a t u r a l  abundance s i g n a l  on w hich  i s  su p e r im p o sed  
t h e  d o u b le t  due to  c o u p l in g  w i t h in  t h e  a c e t a t e  u n i t *  The 
c h e m ic a l  s h i f t  o f  each  ca rb o n  atom o f  p a n i c u l i d e  B and t h e  
c o u p l in g  c o n s t a n t s  o b ta in e d  from  t h e  sp ec tru m  a r e  g iv e n  i n  
t a b l e  2 . The c o u p l in g  c o n s t a n t  o b se rv e d  f o r  p e ak  3 i s  
42Hz, w h i le  t h a t  o b se rv ed  f o r  peak 4 i s  62Hz* T h is  now 
a l lo w s  t h e i r  unam biguous a ss ig n m en t  a s  0 -2  and 0 -6  r e ­
s p e c t i v e l y ,  s i n c e  th e y  a r e  c o u p led  to  0 -3  and C-1 4  w h ich  
have  a l r e a d y  been  a s s ig n e d .
The one bond c o u p l in g  c o n s t a n t s  a r e  known
t o  be a p p ro x im a te ly  c o r r e l a t e d  by t h e  s c h a r a c t e r  o f  t h e
o r b i t a l s  making up t h e  bond u n d e r  c o n s i d e r a t i o n *  T hus, i n
3 3 3 2 2 2g e n e r a l ,  i n c r e a s e s  i n  t h e  o r d e r  sp  - s p  < sp  - s p  < sp  - s p  •
The v a l u e s  o f  ^ 2 ,1 3  an(  ^ ^ 3 ,4  a r e  s i mi l a r  t h o s e  q u o te d
i n  t h e  l i t e r a t u r e  f o r  such  bonds ( 2 8 ) ,  w h i le  ,8  con~
s i d e r a b l y  lo w e r ,  p o s s i b l y  b e ca u se  o f  t h e  i n f l u e n c e  o f  t h e
e l e c t r o n  w ith d ra w in g  and e l e c t r o n e g a t i v e  s u b s t i t u e n t s .
The v a lu e  o f  ^4 -^s h i g h e r ,  a s  would be e x p e c te d  f o r  a
9 2bond be tw een  two sp h y b r i d i s e d  a to m s. The c o u p l in g  con ­
s t a n t s  f o r  t h e  s p ^ - s p ^  bonds a r e  r a t h e r  h i g h e r  t h a n  t h e  
v a l u e s  n o rm a lly  q u o te d .  However, i t  h a s  been  n o te d  t h a t  
s u b s t i t u t i o n  o f  sp  C-CH^ bonds w i th  e l e c t r o n e g a t i v e  a tom s 
o r  a l k y l  g ro u p s  i n c r e a s e s  t h e  v a lu e  o f  t h e  c o u p l in g  con­
s t a n t .  F o r  exam ple, i n  e th a n e  Jq q  i s  34*6Hz, w h i le  i n  
e th a n o l  i t  i s  37 .7H z. The h ig h  c o u p l in g  c o n s t a n t s  ob­
s e rv e d  may be a  r e f l e x i o n  o f  t h e  h e a v i l y  o x y g e n a te d  
c y c lo h e x a n e  r i n g  i n  p a n i c u l i d e  B.
The sp e c tru m  shows two AB q u a r t e t s  f o r  c o u p l in g  o f  
0 -1 2  w i t h  C - l l  and 0 -15  w i th  C-10. The a p p ro x im a te  p o r t i o n  
o f  t h e  sp e c tru m  i s  shown i n  f i g u r e  4* I t  sh o u ld  be n o te d
T able 5 .
C a l c u l a t e d  p o s i t i o n  o f  s i n g l e t  com ponen ts  o f  AB sy s te m s
°12 O il °15 OlO
obs (Hz) 236.0 98.9 144.4 57.1
calc (Hz) 236.-2 99.5 144.6 57.3
OH
HOHoC CO9 H
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CHoOH
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t h a t  t h e  s i n g l e t  (n o n -c o u p le d )  e lem en t o f  each  s i g n a l  i s  
n o t  i n  t h e  m id d le  o f  i t s  d o u b l e t .  C a l c u l a t i o n  o f  t h e  
c h e m ic a l  s h i f t  o f  each  re s o n a n c e  from  t h e  p o s i t i o n s  o f  t h e  
AB q u a r t e t s  g iv e s  co m ple te  ag reem en t w i th  t h e  p o s i t i o n  o f  
t h e  o b s e rv e d  n a t u r a l  abundance s i g n a l  ( t a b l e  3 ) .  A l l  c a l ­
c u l a t e d  s h i f t s  w ere w i t h in  0 ,6H z o f  t h e  o b se rv e d  v a lu e *
Prom t h e  l a b e l l i n g  p a t t e r n  i n  p a n i c u l i d e  B, i t  a p p e a r s  
l i k e l y  t h a t  t h e  p r e c u r s o r  Y -b is a b o le n e  i s  t h e  Z - is o m e r  
(1 2 )  and n o t  t h e  E - iso m e r  (1 3 )*  However, s i n c e  d o u b le  
bond i s o m e r i s a t i o n  o f  Y -b is a b o le n e  c a n n o t  be e x c lu d e d ,  i n ­
d e p e n d e n t  e v id e n c e  on th e  i d e n t i f i c a t i o n  o f  Y - b i s a b o le n e  
a s  e i t h e r  t h e  E -  o r  Z - iso m e r  i s  d e s i r a b l e *  I s o m e r i s a t i o n  
o f  t h e  b i s a b o le n e  s k e l e to n  a b o u t  t h e  t e t r a s u b s t i t u t e d  
d o u b le  bond o f  E -Y -b is a b o le n e  d u r in g  e l a b o r a t i o n  o f  pan­
i c u l i d e  B c o u ld  l e a d  to  t h e  o b se rv e d  l a b e l l i n g  p a t t e r n  
a r i s i n g  from  t h i s  iso m er  (schem e 1 4 )*
The E -  and Z - iso m e rs  o f  Y -b is a b o le n e  have  r e c e n t l y  b e en  
i d e n t i f i e d  by P a u lk n e r  ( 2 9 ) ,  who u n am b iguo usly  s y n t h e s i s e d  
t h e  two iso m e rs  by t h e  r o u t e  d e p ic te d  i n  scheme 1 5 • D i e l s -  
A ld e r  c o n d e n s a t io n  o f  i s o p r e n e  ( 6 8 ) w i t h  a c r y l i c  a c i d  (6 9 )  
y i e l d e d  4~ m e th y lc y c lo h e x -3-*ene c a r b o x y l i c  a c i d  (7 0 )*  
T re a tm e n t  o f  t h e  d e r iv e d  d i - a n i o n  a s  t h e  l i t h i u m  s a l t  
w i t h  6- m e t h y l h e p t - 5- e n e - 2-o n e  (72 )  gave t h e  6-h y d ro x y  a c i d  
a s  a  m ix tu re  o f  d i a s t e r e o m e r s  (7 2 )  and (7 3 )  w h ich  w ere s e ­
p a r a t e d  by f r a c t i o n a l  c r y s t a l l i s a t i o n  from  c h lo r o f o r m .  The 
r e l a t i v e  c o n f i g u r a t i o n  o f  t h e  l e s s  s o l u b l e  iso m e r  (7 2 )  was 
d e te rm in e d  by X -ra y  c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n  o f  t h e  
p -b ro m o p h en a cy l  d e r i v a t i v e  (7 4 )*  The hydroxy  a c i d  (7 2 )  
was t h e n  c o n v e r te d  i n to  t h e  c o r r e s p o n d in g  (3 - la c to n e  (7 5 )  
by t r e a t m e n t  w i th  p - t o lu e n e s u lp h o n y l  c h l o r i d e  i n  p y r i d i n e ,
(12) (13)
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a  p r o c e d u re  w hich  i s  known to  p r e s e r v e  th e  c o n f i g u r a t i o n  
a t  t h e  c a r b i n o l  c a rb o n  atom ( 3 0 ) .  P y r o l y t i c  e l i m i n a t i o n  
o f  c a rb o n  d io x id e  from t h e  l a c to n e  th e n  a f f o r d e d  p u re  E -Y - 
b i s a b o l e n e  ( 1 3 ) .  In  t h e  same m anner, Z -Y -b is a b o le n e  (1 2 )  
was p r e p a r e d ,  s t a r t i n g  w i th  th e  d i a s t e r e o m e r i c  hyd ro x y  
a c i d  ( 7 3 ) .
The c e l l - f r e e  e x t r a c t  p re p a re d  from  A n d ro g ra p h is  
p a n i o u l a t a  c a l l u s  c u l t u r e s  i n c o r p o r a t e s  r a d i o a c t i v i t y  from
14
[ 2-  0 ]m eva lona te  i n t o  2- t r a n s ,  6- t r a n s  and 2- c i s ,  6- t r a n s  
f a r n e s o l  and i n t o  Y -b is a b o le n e .  M a t e r i a l  b i o s y n t h e s i s e d  
by  t h e  c e l l - f r e e  system  was examined by r a d i o - g a s  l i q u i d  
c h ro m a to g ra p h y .  C o - i n j e c t i o n  o f  Y -b is a b o le n e  b i o s y n t h e s i s e d
14
from  [ 2 -  C ]m eva lona te  and a  m ix tu re  o f  s y n t h e t i c  Z~ and 
E - Y -b is a b o le n e  l o c a t e d  r a d i o a c t i v i t y  o n ly  i n  t h e  Z - iso m e r  
( 1 2 ) .  Thus i t  a p p e a r s  t h a t  Z -Y -b is a b o le n e  (1 2 )  i s  t h e  p r e ­
c u r s o r  o f  p a n i c u l i d e  B and t h a t  t h e r e  i s  no t r a n s p o s i t i o n  
o f  t h e  d o u b le  bond i n  i t s  f o r m a t io n .  I t  i s  o f  i n t e r e s t  to  
n o t e  t h a t .  F a u lk n e r  h a s  found  (29 ) t h a t  Y -b is a b o le n e  from  
p l a n t  s o u r c e s  c o n t a i n s  o n ly  t h e  Z - iso m e r  ( 1 2 ) ,  w h i le  t h e  
E - is o m e r  i s  p r e s e n t  in ' a  s p e c i e s  o f  seaweed ( L a u r e n c i a ) .
The o n ly  r e m a in in g  q u e s t i o n  to  be answ ered  i s  w hich  
is o m e r  o f  f a r n e s o l  i s  in v o lv e d  i n  t h e  c y c l i s a t i o n  p r o c e s s .  
The c e l l - f r e e  sys tem  p ro d u ce s  o n ly  t r a n s ,  t r a n s -  and c i s , 
t r a n s - f a r n e s o l .  A ltho ugh  n e i t h e r  o f  t h e  6- c i s - i s o m e r s  c an  
be d e t e c t e d ,  t h i s  by no means e x c lu d e s  them a s  i n t e r ­
m e d ia te s  i n  t h e  b i o s y n t h e t i c  p r o c e s s .  I n  o r d e r  to  t e s t  t h e  
i n c o r p o r a t i o n  o f  o i s ,  c i s - f a r n e s o l  i n t o  Y - b is a b o le n e ,  i n
14
t h e  c e l l - f r e e  sy s tem , [ 2 -  C1c i s a c i s - f a r n e s o l  (7 6 )  was 
p r e p a r e d  (31 )  by W i t t i g  c o n d e n s a t io n  o f  n e r y l  a c e to n e  (7 7 )  
w i t h  ^ C - l a b e l l e d  d ie th y lm e th o x y c a rb o n y lm e th y lp h o s p h o n a te
^ < C l
' Y ' X c i
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( 7 8 ) ,  w hich  was i t s e l f  p re p a re d  by M ic h a e l is -A rb u z o v  
r e a c t i o n  o f  t r i e t h y l p h o s p h i t e  (7 9 )  w i th  m e th y l  [ 2- 14"C] 
b ro m o a c e ta te  ( 8 0 ) ,  a s  shown i n  scheme 1 6 . F o r  p u r p o s e s  
o f  d o u b le  l a b e l l i n g ,  [ 4 , 8 , 12~ ^ C ^  Hois, t r a n s - f a r n e s o l  was 
p r e p a r e d  b i o s y n t h e t i c a l l y  from [ 2- ^ C  3 m e v a lo n a te  u s i n g  t h e  
A n d ro g ra p h is  c e l l - f r e e  e x t r a c t .  The s u b s t r a t e s  w ere  i n ­
c u b a te d  w i th  t h e  c e l l - f r e e  sys tem , and t h e  h y d ro c a rb o n  
f r a c t i o n  was i s o l a t e d  by p r e p a r a t i v e  t h i n  l a y e r  chrom a­
to g r a p h y  a f t e r  a d d i t i o n  o f  c a r r i e r .  The c r y s t a l l i n e  
d e r i v a t i v e ,  b i s a b o le n e  t r i h y d r o c h l o r i d e  ( 8 1 ) ,  was t h e n  
p r e p a r e d  (3 2 )  i n  each  c a s e .  A f t e r  c r y s t a l l i s a t i o n  t o  co n ­
s t a n t  a c t i v i t y ,  t h e  i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  from
14 14 n[ 2-  0 ] c i s ,  c i s - f a r n e s o l  was 0 . 0 2 ^ , w h i le  [ 4 , 8 , 12-  O^J
c i s . t r a n s - f a r n e s o l  gave an i n c o r p o r a t i o n  o f  1 . 2 ^ .  Thus
c i s ,  t r a n s -  and n o t  c i s , c i s - f a r n e s y l  p y ro p h o sp h a te  a p p e a r s
t o  be  in v o lv e d  i n  t h e  b i o s y n t h e s i s  o f  Z - Y -b is a b o le n e .
F u r t h e r  s u p p o r t  f o r  th e  i n t e r m e d ia c y  o f  c i s , t r a n s -  
f a r n e s y l  p y ro p h o sp h a te  i n  b i s a b o le n e  b i o s y n t h e s i s  comes 
from  an  e x a m in a t io n  o f  t h e  f a t e  o f  l a b e l  from  C-5 o f
m e v a lo n a te .  Double l a b e l l i n g  e x p e r im e n ts  u s i n g
14 3[ 2 -  C, 5 -  H ^ jm ev a lo n a te  (8 2 )  showed t h a t  b i s a b o le n e  
r e t a i n e d  f i v e  o u t  o f  t h e  s i x  l a b e l s  from  m e v a lo n a te .
T h is  i s  i n  a c c o rd  w i th  b i o s y n t h e s i s  v i a  c i s , t r a n s -  
f a r n e s y l  p y ro p h o sp h a te  ( 8 3 ) w hich  h a s  l o s t  one o f  t h e
l a b e l s  from  G - l  o f  t h e  f a r n e s y l  r e s i d u e  d u r in g  t r a n s  t o  c i s
i s o r n e r i s a t i o n  (33 )*  The in te r m e d ia c y  o f  c i s , c i s - f a r n e s y l  
p y ro p h o sp h a te  (8 4 )  would r e q u i r e  l o s s  o f  two o f  t h e  t r i t ­
ium l a b e l s  d e r iv e d  from  C-5 o f  m e v a lo n a te ,  one  a t  t h e  C10
s t a g e  and one a t  t h e  s t a g e  (schem e 17)*
The s t e r e o c h e m is t r y  o f  t h i s  hy d ro g en  l o s s  h a s  r e c e n t l y
c h 2oh
been  s t u d i e d  (3 3 )  i n  th e s e  l a b o r a t o r i e s .  When ( 5 S ) -  
14 3
[ 2 — C, 5 -  m ev a lo n a te  was c o n v e r te d  i n t o  Y - b i s a b o le n e ,  
t h e r e  was no l o s s  o f  t r i t i u m  l a b e l .  T h is  i m p l i e s  t h a t  t h e  
h y d ro g en  which i s  l o s t  i s  d e r iv e d  from  th e  p ro -5R p o s i t i o n  
o f  m e v a lo n a te .  T h is  i s  i n  a cc o rd  w i th  t h e  m echanism p r o ­
posed  f o r  i s o m e r i s a t i o n  o f  f a r n e s y l  p y ro p h o s p h a te ,  a s  
p r e v i o u s l y  d i s c u s s e d  ( p ! 8 ) .
E x p e r im e n ts  to  s tu d y  th e  i n c o r p o r a t i o n  o f  t h e  f a r n e s o l  
i s o m e rs ,  a s  t h e  a l c o h o l s ,  and b i s a b o le n e  i n t o  p a n i c u l i d e  B 
w ere  u n s u c c e s s f u l  b e ca u se  o f  t h e  i n s o l u b i l i t y  o f  t h e  su b ­
s t a n c e s  i n  w a te r .  F a r n e s o l  was s u c c e s s f u l l y  i n c o r p o r a t e d  
w i t h  t h e  c e l l - f r e e  system  a s  a  s u s p e n s io n  u s i n g  Tween 80 
d e t e r g e n t .  However, t h i s  method was n o t  s u c c e s s f u l  when
a p p l i e d  to  t h e  i n t a c t  c u l t u r e s .  An e x p e r im e n t  i n  w hich  
3
[ 1 -  H g]c i s , t r a n s - f a r n e s o l  was in c u b a te d  w i th  d i m e th y l -  
s u lp h o x id e  ,,p e r m e a b i l i z e d ,, t i s s u e s  ( 3 4 ) was a l s o  
u n s u c c e s s f u l .  A much more s a t i s f a c t o r y  a p p ro a c h  was t o  
u s e  t h e  n a t u r a l  b i o s y n t h e t i c  i n t e r m e d i a t e ,  f a r n e s y l  p y ro ­
p h o s p h a te ,  w hich  i s  w a t e r - s o l u b l e .  A m ix tu re  o f  
14[ 4 , 8 , 1 2 -  C ^ J t r a n s ,  t r a n s -  and c i s ,  t r a n s - f a m e s y l  p y ro ­
p h o s p h a te ,  w hich  had been p re p a re d  b i o s y n t h e t i c a l l y  by t h e  
c u l t u r e s  and i s o l a t e d  by a d s o r b t io n  on XAD2 r e s i n ,  was f e d  
t o  A n d ro g ra c i l is  c u l t u r e s  and was found  to  be i n c o r p o r a t e d
m.i ....... . « ..............
i n t o  p a n i c u l i d e  B to  t h e  e x t e n t  o f  1 .6 $ .  T h is  a p p ro a c h  
h a s  n o t  been  p u rsu e d  f u r t h e r  because  o f  t h e  d i f f i c u l t y  o f  
p r e p a r i n g  p y ro p h o sp h a te  i n  h ig h  y i e l d .
The o v e r a l l  p i c t u r e  o f  p a n ic u l i d e  3 b i o s y n t h e s i s  a s  
r e v e a l e d  by o u r  e x p e r im e n ts  i s  shown i n  scheme 1 8 .  
C y c l i s a t i o n  o f  c i s ,  t r a n s - f a r n e s y l  p y ro p h o sp h a te  p ro d u c e s  
Z -Y -b is a b o le n e  w hich  i s  c o n v e r te d  i n t o  p a n i c u l i d e  B
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w i t h o u t  d o u o le  bond i s o m e r i s a t i o n .  T h is  s a t i s f y i n g l y  
e s t a b l i s h e s  t h e  most d i r e c t  p a th  t h a t  can  be fo rm u la te d *
The l a t e r  s t a g e s  i n  th e  b i o s y n t h e t i c  pathw ay have  a l s o  
been  s t u d i e d  by t h e  i n c o r p o r a t i o n  o f  v a r i o u s  sam p les  o f  
t r i t i a t e d  m e v a lo n a te .  I t  h a s  been shown (3 5 )  t h a t  when 
[ 2-  H2 ]m e v a lo n a te  i s  u se d  a s  p r e c u r s o r ,  one s i x t h  o f  t h e  
l a b e l  i s  l o s t  i n  p a n i c u l i d e  B. As im p l ie d  i n  scheme 19* no 
l o s s  o f  t r i t i u m  from  C-2 o f  m ev a lon a te  i s  e x p e c te d  i n  t h e  
b i o s y n t h e s i s  o f  p a n ic u l i d e  B. When ( 2 R ) - [ 2 - ^ C ,  2-^H-j_ ] 
m e v a lo n a te  was i n c o r p o r a te d  i n t o  p a n ic u l i d e  B, t h e r e  was 
9 5% r e t e n t i o n  o f  l a b e l .  Thus, a t  some s t a g e ,  one o f  t h e  
h y d ro g e n  atom s d e r iv e d  from  th e  p ro - 2S p o s i t i o n  o f  m eva lon ­
a t e  i s  l o s t .  Scheme 20 shows two mechanisms by  w hich  t h i s  
l o s s  c o u ld  o c c u r .  The s t e r e o c h e m is t r y  o f  h y d ro g en  l o s s  
f rom  C-1 2  o f  Z -Y -b is a b o le n e ,  a s  shown i n  p a th  ( b ) ,  i s  con­
s i s t e n t  w i th  t h e  o b se rv ed  s t e r e o c h e m is t r y  ( 3 6 ) o f  a l l y l i c  
h y d ro p e ro x id e  fo r m a t io n  by soyabean  l ip o x y g e n a s e  
(E C 1 . 1 3 . 1 . 1 3 ) • E x p e r im e n ts  i n  t h e s e  l a b o r a t o r i e s  u s i n g  
sa m p le s  o f  m ev a lo n a te  t r i t i a t e d  a t  0 -5  have shown ( 3 5 ) t h a t  
h y d r o x y l a t i o n  a t  0 -1 2  o f  p a n ic u l i d e  B p ro c e e d s  w i th  r e t e n ­
t i o n  o f  c o n f i g u r a t i o n  c o n s i s t e n t  w i th  e i t h e r  o f  t h e  pathw ay 
p ro p o se d  i n  scheme 20 .
I n  an  a t t e m p t  to  v e r i f y  t h a t  t h e  h y d ro g en  l o s s  o c c u r ­
r e d  d u r i n g  o x y g e n a t io n  o f  Z -Y -b is a b o le n e ,  [2~*L^ C, 2-^H2  ^
m e v a lo n a te  (8 5 )  was in c o r p o r a te d  i n t o  Y -b is a b o le n e  u s i n g  
t h e  c e l l - f r e e  sy s tem . However, when th e  t r i h y d r o c h l o r i d e  
d e r i v a t i v e  ( 8 6 ) was i s o l a t e d ,  i t  was found  to  r e t a i n  o n ly  
f o u r  o f  t h e  t r i t i u m  l a b e l s .  T h is  l o s s  i s  e x p la in e d  by 
a c i d - c a t a l y s e d  d o u b le  bond m ig r a t i o n  v i a  t h e  ca rbo n ium  
i o n  ( 8 7 ) d u r in g  fo r m a t io n  o f  th e  d e r i v a t i v e ,  l e a d i n g
COO-OH
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t o  l o s s  o f  l a b e l l e d  atoms which a r e  a l l y l i c  to  t h e  r i n g  
d o u b le  bond (schem e 2 1 ) .  Thus a t  t h e  s t a g e  o f  b i s a b o le n e ,  
t h e r e  h a s  been  no l o s s  o f  hydrogen  from t h e  a tom s w h ich  
become C - l  and C-5 o f  p a n ic u l i d e  B.
I t  was hoped t h a t  hydrogen  a t  C-9 o f  p a n i c u l i d e  B 
c o u ld  be exchanged u n d e r  b a s i c  c o n d i t i o n s  (schem e 22)* 
However t r e a tm e n t  o f  p a n ic u l id e  B w i th  p o ta s s iu m  c a r b o n a te  
i n  d e u t e r a t e d  w a te r  r e s u l t e d  i n  no i n c o r p o r a t i o n  o f  deu ­
t e r i u m .  Thus i t  h a s  n o t  been p o s s i b l e  to  d e te rm in e  
w h e th e r  h yd rog en  i s  l o s t  from C-5 o r  C-9 d u r in g  
o x y g e n a t io n .
P a r t  o f  t h i s  work h a s  been p u b l i s h e d  (37 )*
-5 3 “
E x p e r im e n ta l .
G e n e ra l  p ro c e d u re  f o r  i s o l a t i o n  o f  pan i c u l i d e  B (6 .2).
S u s p e n s io n  c u l t u r e s  o f  A. p a n i c u l a t a  w ere grown a s  
p r e v i o u s l y  d e s c r ib e d  ( p 2 6 ) # The t i s s u e  was th e n  removed by 
f i l t r a t i o n  and th e  medium was c o n c e n t r a t e d  by e v a p o r a t i o n  
u n d e r  re d u c e d  p r e s s u r e  a t  l e s s  th a n  40°C t o  a p p ro x im a te ly  
2 5^ 0 o f  i t s  o r i g i n a l  volume. The r e s u l t i n g  c o n c e n t r a t e  was 
e x t r a c t e d  t h r e e  t im e s  w i th  an e q u a l  volume o f  e t h y l  a c e t a t e .  
A f t e r  d r y i n g  o v e r  anhy d ro us  sodium s u l p h a t e ,  t h e  s o l v e n t  
was e v a p o ra te d  and p a n ic u l i d e  B ( r ^  0 .1 8 )  i s o l a t e d  by  p r e ­
p a r a t i v e  t h i n  l a y e r  ch rom atography  o v e r  s i l i c a  ( c h lo r o f o r m -  
m e th a n o l ,  9 4 :6 ,  v / v ) . . P a n i c u l id e  B was d e t e c t e d  by u l t r a ­
v i o l e t  a b s o r b t i o n .
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B i o s y n t h e s i s  o f  p a n ic u l i d e  B from  [ 1 -  ^C ] a c e t a t e .
[l~*^C  ] a c e t a t e  (149*7mg, 9 0 .0  atom fo) was a d m i n i s t e r e d  
a s  a  s m a l l  volume o f  f i l t e r - s t e r i l i z e d  aqueous  s o l u t i o n  to  
c u l t u r e s  o f  A. p a n i c u l a t a  (15 f l a s k s ,  2 .5 5  d ry  w e ig h t  c a l l u s  
t i s s u e )  w hich  had been  grown i n  s u s p e n s io n  c u l t u r e  f o r  tw en­
t y  d ay s  f o l lo w in g  t r a n s f e r  from s o l i d  medium. A f t e r  a  
f u r t h e r  t e n  d a y s '  g row th , p a n ic u l i d e  B (118.4m g) was i s o l ­
a t e d  a s  d e s c r ib e d  ab o v e . T h is  m a t e r i a l  was th e n  
r e c r y s t a l l i s e d  from  c h lo ro fo rm  to  y i e l d  p u re  p a n i c u l i d e  B 
( 8 6 . 5mg) w hich  was examined by 1 ^C NMR i n  d g - d i m e t h y l s u l -  
p h o x id e  s o l u t i o n .  The sp ec trum  and i t s  a s s ig n m e n t  a r e  
d i s c u s s e d  on p44.
B i o s y n t h e s i s  o f  p a n ic u l i d e  B from  [ l ,  2— j a c e t a t e .
I n  a  p a r a l l e l  ex p e r im e n t  u n d e r  e x a c t l y  t h e  same c o n -
r 13 td i t i o n s ,  a  f i l t e r - s t e r i l i z e d  s o l u t i o n  o f  L I . 2 -  O ^ J a c e t a t e  
(150 .8m g , 9 1 .7  atom fo) was a d m in i s t e r e d  to  A. p a n i c u l a t a  
s u s p e n s io n  c u l t u r e s  and p a n i c u l i d e  B (117mg) was i s o l a t e d
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by p r e p a r a t i v e  t . l . c .  The *^C NMR sp ec tru m  o f  t h i s  m a te r ­
i a l  i s  d i s c u s s e d  on p45.
I n c o r p o r a t i o n  o f  [ 2~~^G 3 m eva lona te  i n t o  Y-bisabolene.
( 3 R S ) - [ 2 - ] r a e v a l o n i c  a c id  l a c t o n e  (5pG i, 0 .2 8 p  m o le s )  
was c o n v e r t e d  to  i t s  p o ta s s iu m  s a l t  by t r e a tm e n t  w i th  
aq u eo u s  p o ta s s iu m  h y d ro x id e  (1M, 100P i)  a t  37°0 f o r  one 
h o u r .  The s o l u t i o n  was th e n  n e u t r a l i z e d  by a d d i t i o n  o f  
a q u eo u s  sodium d ih y d ro g e n  o r th o p h o s p h a te  s o l u t i o n  (1M,
1 0 0 p i )  and in c u b a te d  o v e rn ig h t  w i th  t h e  c e l l - f r e e  sy s tem  
c o n t a i n i n g  added c o - f a c t o r s ,  a s  p r e v i o u s ly  d e s c r i b e d  (p 2 8 )«
The i n c u b a t i o n  was t e rm in a te d  by a d d i t i o n  o f  i c e - c o l d  
e t h a n o l  ( 8 m l) .  A f t e r  s t a n d in g  f o r  t h i r t y  m in u te s  a t  0°C , 
t h e  d e n a tu r e d  p r o t e i n  was removed by c e n t r i f u g a t i o n  and t h e  
s u p e r n a t a n t  was e x t r a c t e d  w i th  hexane  (3 * 1 0 m l) .  The d r i e d  
s o l u t i o n  was th e n  e v a p o ra te d  to  sm a ll  volume u n d e r  r e d u c e d  
p r e s s u r e  and a p p l i e d  to  a  p r e p a r a t i v e  t . l . c .  p l a t e  ( e t h y l  
a c e t a t e - h e x a n e ,  1 : 3 ,  v / v )  a f t e r  a d d i t i o n  o f  c a r r i e r  b i s a ­
b o le n e  (200pg , com m erc ial m ix t u r e ) .  R a d io sc a n n in g  showed 
t h a t  t h e  bands c o r r e s p o n d in g  to  f a r n e s o l  ( r ^  0 .2 3 )  and 
b i s a b o l e n e  ( r ^  0 .8 )  b o th  c o n ta in e d  r a d i o a c t i v i t y .  The 
i n c o r p o r a t i o n s  ( e s t im a t e d  on n o n - d e r i v a t i s e d  m a t e r i a l )  w ere
1 . 2 $  and OAfo r e s p e c t i v e l y .
The b i s a b o le n e  o b ta in e d  i n  t h i s  e x p e r im e n t  was exam ined 
b y  r a d i o —g . I . e .  on 1$  SE 30 a t  110°C, o p e r a t i n g  i n  t h e
oniy it  mode. Y/hen an  a l i q u o t  o f  t h e  b i o s y n t h e t i c  m a te r ­
i a l  was c o - i n j e c t e d  w i th  a  s y n t h e t i c  m ix tu re  o f  Z~ and E-Y- 
b i s a b o l e n e ,  r a d i o a c t i v i t y  was d e t e c t e d  o n ly  i n  t h e  p eak  
c o r r e s p o n d in g  to  Z—Y—b is a b o le n e  (1=1500) and n o t  i n  ±i—Y— 
b i s a b o le n e  (1 = 1 5 1 5 ) .  Samples o f  s y n t h e t i c  Z- and E-Y- 
b i s a b o le n e  were k in d ly  s u p p l ie d  by D r. D . J .  F a u lk n e r ,
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U n i v e r s i t y  o f  C a l i f o r n i a ,  San D iego .
r 14P r e p a r a t i o n  o f  [ 2 -  C ] o i s .  c i s - f a r n e s o l .
N e ry la c e to n e  (Z -6 ,1 0 - d im e th y l—2 - k e to —5 ,9 —d ie n e )  (7 7 )  was 
o b t a i n e d  from  a  m ix tu re  c o n ta in i n g  t h e  E - and Z - is o m e rs  by 
p r e p a r a t i v e  g . l . c .  on 5% SE 30 a t  135°C. The Z - iso m e r  h a s  a  
r e t e n t i o n  in d e x  o f  1340, w h i le  th e  E - iso m e r  h a s  1=1380.
T r i e t h y l p h o s p h i t e  (15mg, 0.09m m ole) was h e a te d  a t  
120°-130°C  f o r  f i v e  h o u rs  w i th  [ 2 - ^ C ] m e th y l  b ro m o a c e ta te  
(5 0 p C i ,  12mg, 0.08m mole) u n d e r  an  a i r  c o n d e n s e r .  V o l a t i l e  
m a t e r i a l  was t h e n  removed by v e ry  g e n t l e  h e a t i n g  o f  t h e  r e ­
s u l t i n g  [*^C ] d ie th y lp h o s p h o n o a c e ta te  i n  v a c u o . The r e s i d u e  
(15mg, 0 .076m  m ole) was d i s s o lv e d  i n  d ry  t e t r a h y d r o f u r a n  
(25P 1)  and added s lo w ly  to  a  s t i r r e d  s u s p e n s io n  o f  sodium  
h y d r i d e  (7*3mg, 50 fo d i s p e r s i o n ,  0.155m mole) i n  t h e  same 
s o l v e n t  ( 2 0 0 p i)  u n d e r  n i t r o g e n .  S t i r r i n g  was c o n t in u e d  a t  
room t e m p e r a tu r e  f o r  a  f u r t h e r  f o r t y - f i v e  m in u te s  b e f o r e  
a d d i t i o n  o f  a  s o l u t i o n  o f  n e ry l a c e to n e  (14.8rag, 0 .076m  
m ole)  i n  t e t r a h y d r o f u r a n  (2 5 P 1 ) .  A f t e r  s t i r r i n g  f o r  a  
f u r t h e r  two d ays  a t  room te m p e r a tu r e ,  w a te r  (1m l) was a d d ed , 
and  t h e  m ix tu re  e x t r a c t e d  w i th  e t h e r  (3 * 5 m l) .  The d r i e d  
s o l u t i o n  was th e n  e v a p o ra te d  to  ~5ml and added o v e r  a  p e r io d  
o f  t h i r t y  m in u te s  to  a  s t i r r e d  s u s p e n s io n  o f  l i t h i u m  
a lum in ium  h y d r id e  (7 .5m g, 0.156m m ole) i n  d ry  e t h e r  (1m l)  
a t  0 °C . The r e a c t i o n  m ix tu re  was s t i r r e d  f o r  a  f u r t h e r  
t h i r t y  m in u te s  and th e n  s a t u r a t e d  aqueous ammonium c h l o r i d e  
s o l u t i o n  (5m l) was c a u t i o u s l y  added , fo l lo w e d  by w a te r  
(1 0 m l) .  The o r g a n ic  l a y e r  was s e p a r a t e d ,  and t h e  aq ueous  
l a y e r  was e x t r a c t e d  w i th  e t h e r  (3 x 5 m l) .  F a m e  s o l  was p u r i ­
f i e d  by p r e p a r a t i v e  t . l . c .  o v e r  s i l i c a  ( e t h y l  a c e t a t e —h e x an e ,  
1 : 3 ,  v / v )  and c i s ,  c i s —f a m e  s o l  was s e p a r a t e d  from  t n e  t r a n s ,
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c i s - i s o m e r  by p r e p a r a t i v e  t . l . c .  o v e r  s i l v e r  n i t r a t e - s i l i c a  
( e t h y l  a c e t a t e —a c e t i c  a c i d ,  499s i ,  v / v ) .  A n a l y t i c a l  g . l . c .  
on 1 fo SE 30 a t  150°C showed t h a t  th e  m a t e r i a l  was > 9 5 #  c i s , 
c i s —is o m e r . The r a d io c h e m ic a l  y i e l d  o f  [ 2 —^ C ] c i s ,  c i s -  
f a r n e s o l  (7 6 )  was 9# .
I n c o r p o r a t i o n  o f  [ 4 , 8 ,1 2 -  C l c i s .  t r a n s - f a r n e s o l  
and [ 2 — C ]c is«  c i s - f a r n e s o l  i n to  b i s a b o le n e .
[ 4»8,12-~^C ^ ] c i s , t r a n s - f a r n e s o l  (6 .2 x l0 ^ d p m ) , w hich  
had b e en  p re p a re d  b io  s y n t h e t i c a l l y  from  [ 2 - ^ C  ] m e v a lo n a te  
by t h e  c e l l - f r e e  sys tem , v/as u l t r a s o n i c a l l y  d i s p e r s e d  i n  
0 .2 m l  sodium  p h o sp h a te  b u f f e r  (0.1M, pH 7*6) w i th  Tween 80 
( lm g ) .  The s u s p e n s io n  was in c u b a te d  a n a e r o b i c a l l y  o v e r ­
n i g h t  w i th  t h e  c e l l - f r e e  system  and th e n  worked up  a s  
p r e v i o u s l y  d e s c r ib e d *  C a r r i e r  b i s a b o le n e  ( lm g , com m erc ia l  
m a t e r i a l )  was added b e fo re  p r e p a r a t i v e  t . l . c .  The r a d i o ­
a c t i v e  b i s a b o le n e  which was i s o l a t e d  was d i s s o l v e d  i n  d ry  
e t h e r  (2m l)  and t h e  c r y s t a l l i n e  t r i h y d r o .c h lo r i d e  d e r i v a t i v e  
was p r e p a r e d  by p a s s in g  d ry  hydrogen  c h l o r i d e  g a s  th ro u g h  
t h e  s o l u t i o n  f o r  f i f t e e n  m in u te s  a t  0 °C . The s o l u t i o n  was 
t h e n  a l lo w e d  to  s ta n d  a t  room te m p e r a tu re  o v e r n i g h t  b e f o r e  
a d d i t i o n  o f  c a r r i e r  b i s a b o le n e  t r i h y d r o c h l o r i d e  (6m g). The 
e t h e r  was th e n  e v a p o ra te d  and th e  s o l i d  r e s i d u e  was r e c r y s ­
t a l l i s e d  from  a  sm a ll  q u a n t i t y  o f  m e th a n o l .  A f t e r  f i v e  
r e c r y s t a l l i s a t i o n s ,  th e  s p e c i f i c  a c t i v i t y  was c o n s t a n t  a t  
106 2d pm/mg. T h is  r e p r e s e n t s  an i n c o r p o r a t i o n  o f  1 .2 # .  I n  
a  p a r a l l e l  e x p e r im e n t ,  [ 2 - 14C ] c i s ,  c i s - f a r n e s o l  ( 7 . 7 x l 0 5 
dpm ), w hich  had been p re p a re d  a s  d e s c r ib e d  a b o v e , was i n ­
c u b a te d  w i th  t h e  c e l l - f r e e  system  u n d e r  i d e n t i c a l  c o n d i t i o n s .  
A f t e r  t h e  second  r e c r y s t a l l i s a t i o n ,  th e  b i s a b o le n e  t r i h y d r o — 
c h l o r i d e  o b ta in e d  i n  th e  ex p erim en t was found  to  have  a  v e ry
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low l e v e l  o f  a c t i v i t y ,  r e p r e s e n t i n g  an i n c o r p o r a t i o n  
o f  o n ly  0 .0 2 $ .
I n c o r p o r a t i o n  o f  [ 2 - U C, 5~3 E2 Im evalonate  i n t o  b i s a b o l e n e .
[ 2 -14'C ]M evalon ic  a c id  l a c to n e  (0 .5 K 3 i ,  0 .0 2 8 P  m o le s )  was 
c o n v e r t e d  to  t h e  p o ta s s iu m  s a l t  a s  p r e v i o u s ly  d e s c r i b e d .
The d ib e n z y l  e th y le n e d ia m in e  s a l t  o f  [ 5 -3H2]m e v a lo n a te  
( lO ^ C i ,  0 .0 0 1 5 ^  m oles) was c o n v e r te d  to  th e  p o ta s s iu m  s a l t  
w i t h  s a t u r a t e d  aqueous p o ta s s iu m  hydrogen  c a r b o n a te  s o l ­
u t i o n  (50KL). The s o l u t i o n  was th e n  e x t r a c t e d  w i th  e t h e r  
(2 x 5 0 ^ 1 )  t o  remove t h e  f r e e  b a s e .  E x cess  e t h e r  was t h e n  r e ­
moved i n  a  s t r e a m  o f  n i t r o g e n .  The aqueous s o l u t i o n s  w ere  
m ixed and n e u t r a l i z e d  w i th  0.2M h y d r o c h lo r i c  a c i d .  The 
f i n a l  volume o f  t h e  s u b s t r a t e  s o l u t i o n  was c a .  500 KL. T h is  
s u b s t r a t e  was in c u b a te d  w i th  th e  c e l l - f r e e  sy s tem  on t h r e e  
t im e s  t h e  u s u a l  s c a l e ;  th e  f i n a l  volume o f  t h e  i n c u b a t i o n  
was 12m l. A f t e r  workup i n  th e  u s u a l  m anner, b i s a b o le n e  
t r i h y d r o c h l o r i d e  was p r e p a re d .  C a r r i e r  m a t e r i a l  (6mg) was 
added  and t h e  t r i h y d r o c h l o r i d e  was c r y s t a l l i s e d  to  c o n s t a n t  
r a t i o .  The ^ H :^ C  r a t i o  o f  [ 2 - ^ C ,  ,5 - 3H2 ]m ev a lo n a te  f e l l  
f ro m  20 .06  to  1 7 .1  i n  b i s a b o le n e  t r i h y d r o c h l o r i d e .  T h is  
i s  a  r e t e n t i o n  o f  t r i t i u m  o f  8 5 .4 $ .  I n  a  d u p l i c a t e  e x p e r i ­
m en t ,  t h e  % : ^ C  r a t i o  o f  th e  s u b s t r a t e  was 4 .5 ,  w h i l e  t h e  
d e r i v e d  b i s a b o le n e  t r i h y d r o c h l o r i d e  had a  r a t i o  o f  5 . 7 ,  r e ­
p r e s e n t i n g  8 2 .2 $  t r i t i u m  r e t e n t i o n ,  l o s s  o f  one s i x t h  o f  
t h e  t r i t i u m  r e q u i r e s  8 3 .3 $ .
I n c u b a t i o n  o f  [ l - ^ H j c i s .  t r a n s - f a r n e s o l  w i th  
,tp e r m e a b i l i z e d tt t i s s u e s  ( 3 4 ) .
C a l l u s  t i s s u e  ( 5g f r e s h  w e ig h t ,  grown i n  s u s p e n s io n  c u l ­
t u r e  f o r  tw e n ty —one d a y s )  was added to  sodium p h o sp h a te  
b u f f e r  (0 .1M , pH 7 .6 )  c o n ta in i n g  2 -m e rc a p to e th a n o l  (30mM),
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d im e th y ls u lp h o x id e  (10$  v / v )  and [ l ~ 3H0 ] c i s ,  t r a n s - f a r n e s o l
g e-
(6x10 dpm) a s  s u b s t r a t e .  The t i s s u e  was in c u b a te d  
a e r o b i c a l l y  w i th  s h a k in g  f o r  tw e n ty  h o u rs  a t  37°G. The 
i n c u b a t i o n s  w ere  t e r m in a te d  by p l a c in g  i n  a  b o i l i n g  w a t e r  
b a t h  f o r  two m in u te s .  W ater (5m l) was added and t h e  b u f f e r  
was e x t r a c t e d  w i th  e t h y l  a c e t a t e  (5 x 5 m l) ,  No r a d i o a c t i v i t y  
c o u ld  be r e c o v e r e d .
I n c o r p o r a t i o n  o f  [ 4 .8 ,1 2 —^ G p I f a r n e s y l  p y ro p h o sp h a te  
i n t o  p a n i c u l i d e  B.
(3R S )-[  2 - ^ C  ]M evalonate  (2 0 ^ C i,  1 .1 2 ^  m oles)  was i n ­
c u b a te d  o v e r n ig h t  w i th  th e  c e l l - f r e e  sys tem  u n d e r  t h e  
c o n d i t i o n s  p r e v i o u s ly  d e s c r i b e d .  The i n c u b a t i o n  was worked 
u p  i n  t h e  u s u a l  m anner. The aqueous l a y e r ,  a f t e r  e x t r a c t ­
i o n  w i th  h e x an e , was p a r t i a l l y  e v a p o ra te d  u n d e r  re d u c e d  
p r e s s u r e  t o  remove e th a n o l .  D i l u t e  ammonium h y d ro x id e  
(0 .01M ) was ad d ed , and t h e  s o l u t i o n  was e v a p o ra te d  once  
m ore . T h is  was r e p e a t e d  s e v e r a l  t im e s  t o  e n su re  t h a t  m ost 
o f  t h e  e th a n o l  had been  removed. The aqu eo us  s o l u t i o n  was 
t h e n  s t i r r e d  f o r  t h i r t y  m in u te s  w i th  XAD-2 r e s i n  (5 g ,  p r e ­
v i o u s l y  washed w i th  0 .01M ammonium h y d r o x i d e ) .  A f t e r  
t r a n s f e r  o f  t h e  r e s i n  to  a  ch rom atog rap hy  colum n, and wash­
i n g  w i t h  0.01M ammonium h y d ro x id e ,  f a r n e s y l  p y ro p h o sp h a te  
w as e l u t e d  (0.01M NH^OH-methanol, l s 9 ,  v / v ) .  The i n c o r ­
p o r a t i o n  o f  r a d i o a c t i v i t y  from  t 2 - 1^C3m ev a lo n a te  i n t o  t h e  
p y ro p h o sp h a te  f r a c t i o n  was 5 .4 $ .  An a l i q u o t  was h y d r o ly s e d  
w i t h  a l k a l i n e  p h o sp h a ta s e  (E C 3 . 1 . 3 . 1 ,  100^1) i n  t r i s  
b u f f e r  (0 .1M , pH 8 .6 )  c o n ta in i n g  magnesium c h l o r i d e  (0.3mM) 
o v e r n i g h t  a t  37°G* R a d io -g a s  l i q u i d  c h ro m a to g rap h y  showed 
t h a t  t h e  h y d r o l y s i s  p ro d u c t  c o n ta in e d  o n ly  t r a n s , t r a n s -  and 
c i s , t r a n s - f a r n e s o l  w i th  s l i g h t  t r a c e s  o f  n e r o l i d o l .
T h is  m ix tu re  o f  [ 4 , 8 , l g - 1 4 Cp t r a n s , t r a n s -  and c i s , 
£ r a £ § —f a r n e s y l  p y ro p h o sp h a te  ( 2 .36xi0^dpm ) was a d m i n i s t e r e d  
t o  c u l t u r e s  o f  A. p a n i c u l a t a  (4  f l a s k s ,  0 .6 8 g  d ry  w e ig h t  
c a l l u s  t i s s u e )  w hich  had been grown i n  s u s p e n s io n  c u l t u r e  
f o r  s i x t e e n  d ays  f o l lo w in g  t r a n s f e r  from  s o l i d  medium. 
P a n i c u l i d e  B was i s o l a t e d  i n  t h e  u s u a l  manner a f t e r  a  f u r ­
t h e r  sev en  d ay s  and c r y s t a l l i s e d  to  c o n s t a n t ' a c t i v i t y .  
I n c o r p o r a t i o n  o f  [ 4 , 8 , 1 2 - ^ G ^ ] f a r n e s y l  p y ro p h o sp h a te  i n t o  
p a n i c u l i d e  B was 1 .6 $ .
I n c o r p o r a t i o n  o f  ( 2 R ,3 R )- [2 -14G, 2 -3EU ] m ev a lo n a te  
i n t o  p a n i c u l i d e  B.
The s u b s t r a t e  was p re p a re d  by m ix in g  [ 2 - ^ C  Jm evalon ic  
a c i d  l a c t o n e  (5 P C i)  w i th  ( 2R ,3 R )~ [2 -5H1 ] + (2 S ,3 S ) - [ 2 - 3H-, ] 
m ev a lo n ic  a c id  l a c t o n e  and c o n v e r s io n  to  t h e  p o ta s s iu m  s a l t  
a s  p r e v i o u s l y  d e s c r i b e d .  The n e u t r a l i z e d  s o l u t i o n  o f  t h e  
p o ta s s iu m  s a l t  was d i l u t e d  w i th  p h o sp h a te  b u f f e r  (0 .1M , 
pH 7*6) t o  1ml, s t e r i l i z e d  by f i l t r a t i o n  and a d m in i s t e r e d  
t o  tw e n ty - o n e - d a y - o ld  su s p e n s io n  c u l t u r e s  (5  f l a s k s ,  0 .8 5 g  
d r y  w e ig h t  c a l l u s  t i s s u e )  w hich  were i s o l a t e d  i n  t h e  no rm al 
m anner and c r y s t a l l i s e d  to  c o n s t a n t  a c t i v i t y  ( 2 . 3 $  i n c o r p o r  
a t i o n  o f  ^ C ) .  The 3H :^ C  r a t i o  o f  t h e  s u b s t r a t e  was 3 .1 4 ,  
w h i le  i n  p a n i c u l i d e  B th e  r a t i o  was 3*00 • Thus, t h e r e  h a s  
b een  95$ r e t e n t i o n  o f  t r i t i u m .
I n c o r p o r a t i o n  o f  [ 2 - ^ G , 2 - 3H2 ]m eva lo na te  i n t o  b i s a b o l e n e .
[ 2 - 14C, 2 - 3H2 JM evalonate (5 p C i14'G) was in c u b a te d  w i th  
t h e  enzyme sys tem  u n d e r  th e  norm al c o n d i t i o n s ,  and t h e  
h y d ro c a rb o n  f r a c t i o n  i s o l a t e d  from  p r e p a r a t i v e  t . l . c .  a f t e r  
a d d i t i o n  o f  c a r r i e r  b i s a b o le n e  ( 5mg, com m erc ia l  m i x t u r e ) « 
The t r i h y d r o c h l o r i d e  d e r i v a t i v e  was p re p a re d  and c r y s t a l l -
1 4
i s e d  to  c o n s t a n t  a c t iv i ty ®  I n c o r p o r a t i o n  (b a s e d  on G) wa
0 .2 3 $ .  The 3H : ^ C  r a t i o  o f  t h e  s u b s t r a t e  was 5*81, w h i l e  
t h e  b i s a b o le n e  t r i h y d r o c h l o r i d e  had a  r a t i o  o f  3 .8 7 .  T h is  
i n d i c a t e s  t h a t  t h e r e  i s  6 6 .1 $  t r i t i u m  r e t e n t i o n  i n  
b i s a b o l e n e  t r i h y d r o c h l o r i d e .
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THE ROLE OF LEUCINE IN TERPENOID BIOSYNTHESIS
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S e c t io n  3 .
The R o le _ o f  L eu c in e  i n  T e rp en o id  B i o s y n t h e s i s ,
I n t r o d u c t i o n .
The r o l e  w hich amino—a c i d s  p la y  i n  t e r p e n o id  b io s y n ­
t h e s i s  h a s  r e c e i v e d  i n t e r m i t t e n t  a t t e n t i o n  i n  r e c e n t  y e a r s .  
As lo n g  ago a s  1950, B loch showed (1 )  t h a t  ( 2 S ) - l e u c i n e  
( 1 )  i s  i n c o r p o r a t e d  i n t o  c h o l e s t e r o l ,  a l tn o u g h  a t  t h a t  
t im e  t h e  mode o f  b i o s y n t h e s i s  o f  t e r p e n o i d s  and s t e r o i d s  
was l a r g e l y  unknown. L euc ine  was l a t e r  shown ( 2 )  to  a c t  
a s  p r e c u r s o r  o f  p - c a r o t e n e  i n  th e  fu n g u s  Phycomyces 
b l a k e s l e e a n u s . The p r e c i s e  r o u t e  by w hich  i n c o r p o r a t i o n  
o c c u r r e d  was u n c l e a r  from t h e s e  e a r l y  e x p e r im e n ts ,  b u t  i t  
was shown t h a t  C - l  and C-2 o f  l e u c i n e  were p o o r ly  i n c o r ­
p o r a t e d  compared w i th  t h e  o t h e r  c a rb o n  a to m s. M evalon ic  
a c i d  v/as f i r s t  i s o l a t e d  by P o lk e r s  and c o -w o rk e rs  from  
d i s t i l l e r s '  s o l u b l e s  i n  1957 and i t  was shown t o  be t h e  
key  i n t e r m e d i a t e  i n  t e r p e n o id  b i o s y n t h e s i s  ( 5 ) .  Prom t h a t  
t im e  onw ards , a l l  m ajo r  b i o s y n t h e t i c  i n v e s t i g a t i o n s  con­
c e n t r a t e d  on t h e  mechanism by w hich m ev a lo n a te  a c t s  a s  a  
p r e c u r s o r  o f  t e r p e n o i d s ,  and l e u c in e  was l a r g e l y  f o r g o t ­
t e n .  However, i n c o r p o r a t i o n  o f  l e u c i n e  i n t o  s e v e r a l  
t e r p e n o i d s  h a s  been  r e p o r t e d  more r e c e n t l y ,  among them 
g i b b e r e l l i n s  (4 )  and hop r e s i n s  ( 5 ) ,  w hich  i n c l u d e  t h e  
m e ro te rp e n o id  humulone ( 2 ) .  L eu c in e  h a s  a l s o  been  shown 
( 6 )  t o  be a  p r e c u r s o r  i n  t h e  b i o s y n t h e s i s  o f  t h e  s e s a u i -  
t e r p e n o i d  ipomeamarone (5 )*  T h is  r e p o r t ,  w h ich  d o e s  n o t  
i n c l u d e  d e g r a d a t i v e  r e s u l t s ,  i s  th e  o n ly  p r e v io u s  r e p o r t  
o f  t h e  i n c o r p o r a t i o n  o f  l e u c i n e  i n t o  a  s e s q u i t e r p e n e i d .
The d e g r a d a t i v e  pathway f o r  l e u c i n e  i n  mammals h a s  been  
e s t a b l i s h e d  i n  d e t a i l .  In  1935, Edson d e m o n s t ra te d  (7 )  t h e
co2h
H CoASH CO
NAD+ NADH (6 )
0
c o 2H
CHO
(7)
HO'
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c o n v e r s io n  o f  l e u c i n e  (1 )  i n t o  a c e t o a c e t a t e  (4 )  i n  l i v e r  
s l i c e s *  The s t e p s  in v o lv e d  i n  th e  d e g r a d a t i o n  o f  l e u c i n e  
w ere  e l u c i d a t e d  by i s o to p e  i n c o r p o r a t i o n  e x p e r im e n t  and 
l a t e r  by th e  en zym atic  s t u d i e s  o f  Goon and h i s  a s s o c i a t e s  
( 8 ) .
The f i r s t  s t e p  i n  th e  pathway (schem e 1) i s  t r a n s ­
a m in a t io n  to  t h e  c o r re s p o n d in g  a -k e to  a c id  (5 )  w h ich  i s  
s u b s e q u e n t ly  d e c a rb o x y la te d  and c o n v e r te d  i n t o  3 -m e th y l— 
bu tanoy l-G oA  ( 6 ) .  I t  h a s  been p o s t u l a t e d  t h a t  
3 - m e th y lb u ta n a l  (7 )  i s  an  i n t e r m e d i a t e  i n  t h i s  p r o c e s s  b u t  
a l t h o u g h  enzym atic  d e c a r b o x y la t io n  o f  th e  k e to  a c i d  (5.) t o  
t h e  a ld e h y d e  h a s  been d e m o n s tra te d  (9 )  t h e r e  i s  no e v id e n c e  
t h a t  3 - m e th y lb u ta n a l  can th e n  be c o n v e r te d  i n t o  t h e  GoA 
e s t e r  ( 6 ) .  The n e x t  s t e p  i s  d e s a t u r a t i o n  o f  GoA e s t e r  (6 )  
t o  3 -n ie th y lb u t-2 -e n o y l-G o A  ( 8 ) ,  a  p r o c e s s  f a m i l i a r  i n  t h e  
m e ta b o l ism  o f  s t r a i g h t  c h a in  f a t t y  a c i d s  ( 1 0 ) .  Y/hen t h e  
GoA e s t e r  (6 )  was in c u b a te d  a n a e r o b i c a l l y  i n  t h e  p re s e n c e  
o f  o r g a n ic  o x i d i s i n g  a g e n t s ,  3 -h y d ro x y  -  3 - m e th y lb u ta n o y l -  
CoA ( £ )  was o b ta in e d *  E x t r a c t s  o f  h e a r t  and l i v e r  a s  w e l l  
a s  c r y s t a l l i n e  c r o to n a s e  (E G 4 *2 .1* 17 )  c a t a l y s e  (1 1 )  t h e  
r e v e r s i b l e  h y d r a t i o n  o f  t h e  u n s a t u r a t e d  e s t e r  (8 )*  A lth o u g h  
i t  was o r i g i n a l l y  th o u g h t  t h a t  t h e  GoA e s t e r  (9.) was t h e  
s u b s t r a t e  f o r  t h e  n e x t  r e a c t i o n ,  i t  was l a t e r  shown (1 2 )  
t h a t  h y d r a t i o n  a t  t h i s  s t a g e  i s  a  r e d u n d a n t  s i d e  r e a c t i o n *
I n  t h e  m ajo r  pathw ay, u n s a t u r a t e d  e s t e r  (8 )  i s  n e x t  c a rb o x y — 
l a t e d  (1 3 )  to  E -p -m e th y lg lu ta c o n y l-G o A  (1 0 )  i n  a  t w o - s t e p  
r e a c t i o n  i n v o lv in g  b i o t i n ,  a d e n o s in e  t r i p h o s p h a t e  and mag­
nesium  i o n  (14 )*  The enzymology o f  t h i s  s t e p  h a s  been  
t h r o u g h ly  s t u d i e d  and th e  enzyme h a s  been p u r i f i e d  to  homo­
g e n e i t y  and c r y s t a l l i s e d  from  e x t r a c t s  oj. a  s p e c i e s  o f
ho2c
0
COSCoA
-» ; c h 3c o s c o a ; +
(11) (12) (4)
2 CH3 COSC0 A
iCHoCO SCoA i1__O ___ ______ i
(13)
COSCoA
..•-OH 
COSCoA
h o h2c c © 2#
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SCHEME 2
- 6 6 -
A chrom o bac te r  ( 1 5 ) .  The enzyme m eth y lg lu taco n y l-G o A  hydrg.- 
t a s e  ^E G 4 * 2 .1 .1 8 )  th e n  c a t a l y s e s  s t e r e o s p e c i f i c  syn 
a d d i t i o n  o f  w a te r  ( 1 6 ) ,  y i e l d i n g  ( 3 3 ) -3 -h y d ro x y m e th y l-  
g lu ta r y l - C o A  ( 1 1 ) .  At t h i s  p o i n t ,  t h e  l e u c in e  d e g r a d a t i v e  
pa thw ay and th e  pathw ay to  m eva lona te  m eet. U nder con­
d i t i o n s  o f  k e to n e  body fo rm a t io n  i n  a n im a l  sy s te m s ,  t h e  
CoA e s t e r  (1 1 )  i s  c le a v e d  by h y d ro x y m e th y lg lu ta ry l-C o A  
l y a s e  (E C 4 . 1 . 3 . 4 )  to  ace ty l-C o A  (1 1 )  and a c e t o a c e t a t e  
(4 )*  The ace ty l-G o A , which i s  d e r iv e d  from t h e  p ro -S  
a c e t i c  a c i d  g roup  o f  3 -h y d ro x y m e th y lg lu ta ry l-C o A , i s  p ro ­
duced  w i th  i n v e r s i o n  ( 1 7 ) .
The b i o s y n t h e s i s  o f  m ev a lona te  from  a c e t a t e  i n v o l v e s ,  
i n  t h e  i n i t i a l  s t e p ,  c o n d e n s a t io n  be tw een  two m o le c u le s  o f  
a c e ty l-G o A , w hich  y i e l d s  a c e to a c e ty l-C o A  (1 3 )  (schem e 2 ) .  
Upon c o n d e n s a t io n  w i th  a  f u r t h e r  m o le cu le  o f  a ce ty l-G o A , 
u n d e r  t h e  i n f l u e n c e  o f  th e  enzyme h y d r o x y m e th y lg lu t a r y l -  
CoA s y n th a s e  (E C 4 . 1 . 3 . 5 ) ,  a c e to a c e ty l-C o A  (1 3 )  p ro d u c e s  
(3 S ) -3 -h y d ro x y m e th y lg lu ta ry l -G o A  ( 1 1 ) •  I n  t h e  s y n th a s e  
r e a c t i o n ,  a ce ty l-C o A  form s th e  p ro -R  a c e t i c  a c i d  g roup  o f  
t h e  p r o d u c t ;  coenzyme A i s  l i b e r a t e d  from  a ce ty l-C o A  d u r in g  
t h e  r e a c t i o n  and a c e to a c e ty l-G o A  (1 3 )  i s  a t t a c k e d  a t  t h e  
s i - f a c e  ( 1 8 ) .  I t  h a s  been o b se rv e d  t h a t  i n v e r s i o n  a t  t h e  
m e th y l  group  o f  a ce ty l-C o A  o c c u rs  i n  t h i s  r e a c t i o n  (19)«  
R e d u c t io n  o f  t h e  CoA e s t e r  by h y d ro x y m e th y lg lu ta ry l-C o A  
r e d u c t a s e  (E G 1 . 1 . 1 . 3 4 )  t h e n  l e a d s ,  e s s e n t i a l l y  i r r e v e r s ­
i b l y ,  t o  m ev a lo n a te  (14)*  t h e  key i n t e r m e d i a t e  i n  t e r p e n o i d  
b i o s y n t h e s i s .
T here  a r e  s e v e r a l  r e p o r t s  t h a t  (2S)~leucine (1 )  i s  n o t  
i n c o r p o r a t e d  i n t o  m o n o te rp en o id s  i n  h i g h e r  p l a n t s  ( ^ 0 ) ,  
b u t  Suga and h i s  c o l l e a g u e s  have r e c e n t l y  o b s e rv e d  (2 1 )
c o 2h 
H NH2
(1)
mevalonate
*
------>
COSCoA
(8)
c h 2oh
(17)
V
•p : CHoO
(16)
i
I
(15) 
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i t s  i n c o r p o r a t i o n  i n to  l i n a l o o l  (1 5 )  i n  Ginnamomum c am o h o ra .
The maximum i n c o r p o r a t i o n  o b se rv ed  from  ( 2S ) - [ U - ^ C  ] l e u c in e
i n t o  l i n a l o o l  was o n ly  0.004/2? w h i le  t h e  maximum i n c o r p o r — 
14a t i o n  from  [ 2 -  C Jm evalonate  was a b o u t  t e n  t im e s  g r e a t e r .
The d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  i n  l i n a l o o l  was exam ined
by d e g r a d a t i o n  and i t  was found t h a t  w h i le  l e u c i n e  l a b e l l e d
p re d o m in a n t ly  t h e  d i m e t h y l a l l y l - d e r i v e d  m oiety* m e v a lo n a te
l a b e l l e d  p re d o m in a n t ly  t h e  i s o p e n t e n y l - d e r i v e d  p o r t i o n  o f
t h e  m o le c u le .  I n  t h e  b i o s y n t h e s i s  o f  i s o p r e n o i d s  from  
14[ 2 -  C lm e v a lo n a te  by h i g h e r  p l a n t s ,  t h e  p redom inance  o f  
t r a c e r  i n  t h e  m o ie ty  d e r iv e d  from i s o p e n te n y l  p y ro p h o s­
p h a te  h a s  been o b se rv ed  f o r  some m o n o te rp e n o id s  (2 2 )  and 
s e s q u i t e r p e n o i d s  (23 )  i n  c o n t r a s t  t o  t h e  u n i fo rm  d i s t r i ­
b u t i o n  w hich  i s  found  i n  d i~  and t r i t e r p e n o i d s .  I f  t h e  
pa thw ay  by w hich  l e u c in e  i s  i n c o r p o r a t e d  i n t o  l i n a l o o l  p r o ­
c e e d s  v i a  m e v a lo n a te ,  t h e  d i s t r i b u t i o n  o f  l a b e l  sh o u ld  be 
t h e  same w h e th e r  l e u c i n e  o r  m ev a lo n a te  i s  u se d  a s  t h e  p r e ­
c u r s o r .  The com plem entary  l a b e l l i n g  p a t t e r n s  from  l e u c i n e  
and m e v a lo n a te  l e d  Suga to  p ro p o se  t h a t  l e u c i n e  i s  d e g ra d e d  
d i r e c t l y  to  d i m e t h y l a l l y l  p y ro p h o sp h a te  (16 )*  I t  i s  sup ­
p osed  t h a t  3 --m ethy lbu t-2 -enoy l-C oA  (8 )  i s  p ro du ced  by t h e  
d e g r a d a t i o n  o f  l e u c i n e ,  a s  p r e v i o u s ly  d e m o n s tra te d  i n  mam­
m a l ia n  l i v e r .  R e d u c tio n  o f  t h i s  CoA e s t e r ,  p re su m ab ly  by 
re d u c e d  T)yr.idine n u c l e o t i d e ,  a f f o r d s  3 - m e th y lb u t—2— en—1—o l  
(1 7 )  w hich  c o u ld  be p h o s p h o ry la te d  to  g iv e  d i m e t h y l a l l y l  
p y ro p h o sp h a te  ( 1 6 ) a s  shown i n  scheme 3* Thus t h e  u n e q u a l  
l a b e l l i n g  p a t t e r n  o b se rv e d  when [U-^^G ] l e u c in e  i s  u se d  a s  
a  p r e c u r s o r  o f  m o n o te rp en o id s  may be e x p la in e d  by d i r e c t  
p r o d u c t i o n  o f  d i m e t h y l a l l y l  u n i t s  o f  non—m ev a lo no id  o r i g i n ,  
p ro v id e d  t h a t  t h e  r a t e  o f  i s o p e n te n y l  p y ro p h o sp h a te s
H NH2 -NHo 
COoH ------4.
(18)
= \   * / = \
c o 2h f  c h 2oh
(17)
HO
<--- <r
CH20PP)
(16)
SCHEME 4
c h 2oh
(19)
c h 2oh
d i m e t h y l a l l y l  p y ro p h o sp h a te  i s o m e r i s a t i o n  i s  s lo w .
I t  h a s  been r e p o r t e d  (24 ) t h a t  ( 2 S ) - [U -1 '^C ] v a l i n e  (1 8 )  
i s  i n c o r p o r a t e d  i n t o  l i n a l o o l  i n  t h e  same p l a n t ,  and t h e  
d i s t r i b u t i o n  o f  l a b e l  was shown to  be s i m i l a r  to  t h a t  
w h ich  i s  found  when l e u c i n e  i s  u sed  a s  p r e c u r s o r .  The p r o ­
posed  d e g r a d a t i v e  pathway f o r  v a l i n e  i s  shown i n  scheme 4* 
S i m i l a r  r e s u l t s  have  been found  (2 5 )  f o r  t h e  i n c o r p o r a t i o n  
o f  ( 2 S ) - [ U - ^ 0  ]l e u c i n e  and ( 2 S ) - [ U - ^ C  ] v a l i n e  i n t o  g e r -  
a n i o l  (1 9 )  and c i t r o n e l l o l  (2 0 )  i n  P e la rg o n iu m  ro se u m .
D e t a i l s  o f  r e c e n t  work (2 6 )  on t h e  i n c o r p o r a t i o n  o f  
l e u c i n e  i n t o  m e ro te rp e n o id s  w i l l  be d i s c u s s e d  a t  a  l a t e r  
p o i n t  (p73 )«
C02H 
H ‘ NH2
(1)
H NH2
co2 h
(18)
o* ‘"CH20H
(21)
C0-,H BI  ------ *
H NH
OH
H02C COSCoA
acetoacetate 
+acetyl CoA
ho2c c h 2oh
c h 2opF
terpenoids 
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D i s c u s s io n .
I n  view o f  S u g a 's  r e c e n t  work ( 2 1 ,2 4 ,2 5 )  on t h e  i n c o r ­
p o r a t i o n  o f  ( 2 S ) - l e u c i n e  (1 )  and ( 2 S ) - v a l i n e  ( I S )  i n t o  
m o n o te rp e n o id s ,  i t  was o f  i n t e r e s t  to  t e s t  t h e s e  amino 
a c i d s  a s  p o s s i b l e  p r e c u r s o r s  o f  p a n i c u l i d e  B (2 1 )  i n  
A n d ro g ra p h is  p a n i c u l a t a  t i s s u e  c u l t u r e s .  I t  was fo u n d  
t h a t  w h i le  ( 2S )-[U -“^ C  l l e u c in e  was an e f f i c i e n t  p r e c u r s o r  
o f  p a n i c u l i d e  B ( 0 .6 $  i n c o r p o r a t i o n ) ,  ( 2S )-[U -*^0 ]  v a l i n e  
was n o t  i n c o r p o r a t e d .  Y/hen th e  c o n c e n t r a t i o n  o f  l e u c i n e  
i n  t h e  c u l t u r e  medium v/as g r e a t e r  th a n  ~lmM, p a n i c u l i d e  A 
( 2 2 )  was t h e  l a b e l l e d  m e ta b o l i t e  r a t h e r  t h a n  p a n i c u l i d e  B 
( 2 1 ) .  E v id e n t l y ,  e i t h e r  l e u c in e  o r  one o f  i t s  c a t a b o l i c  
p r o d u c t s  i n h i b i t s  h y d r o x y la t io n  a t  C -15 . I t  i s  o f  i n t e r ­
e s t  t o  n o te  t h a t  th e  i n c o r p o r a t i o n s  r e p o r t e d  h e re  a r e  much 
s u p e r i o r  to  t h o s e  r e p o r t e d  (0 .0 0 4 $ )  by Buga u s i n g  c u t  p l a n t  
s te m s  f o r  i n c o r p o r a t i o n  i n t o  l i n a l o o l .
The p o s s i b l e  r o u t e s  f o r  l e u c i n e  d e g r a d a t i o n  a r e  o u t ­
l i n e d  i n  scheme 5* I f  pathway ( a )  i s  fo l lo w e d ,  a s  h a s  
b e en  s u g g e s te d  i n  m ono te rpeno id  b i o s y n t h e s i s ,  one would 
e x p e c t  t h a t  l e u c i n e  sh o u ld  p r e f e r e n t i a l l y  l a b e l  t h e  d i~  
m e t h y l a l l y l - d e r i v e d  p o r t i o n  o f  t h e  m o le c u le .  Thus, ( 2 3 ) -  
[U~14C ] l e u c in e  sh o u ld  l a b e l  t h e  p o r t i o n  o f  p a n i c u l i d e  B 
i n d i c a t e d  i n  (2 5 )  more h e a v i l y  th a n  t h e  r e s t  o f  t h e  c a rb o n
s k e l e t o n ,  w h i le  t h e  r e v e r s e  sh o u ld  be t r u e  f o r  i n c o r p o r -  
14a t i o n  o f  [ 2 -  0 ] m e v a lo n a te .
A p ro c e d u re  was d e v e lo p ed  to  t e s t  t h i s  h y p o t h e s i s  i n  
w h ich  p a n i c u l i d e  B, b i o s y n t h e s i s e d  from  e i t h e r  l e u c i n e  o r  
m e v a lo n a te ,  was deg rad ed  by ru th e n iu m  t e t r o x i d e / p e r i o d a t e  
o x i d a t i o n .  The f rag m e n t c o r r e s p o n d in g  to  G - l ,  C-2 and C-13 
p ro d u c e s  a c e to n e  (24 )  whrch was i s o l a t e d  a s  i t s  c r y s t a l l i n e
R u O ^ ^
c h 2oh
(24 )  
SCHEME €
NNHCONH
(2 6 )
NNH
y *
NO-
(27)
«
1
(28)
(*) represents '**C
SCHEME 7
*
* «
(3 0 )
NNHCSNH0 
 2
(25)
N02
NNHCSNH?
(29)
NNHCSNHo 
• •
(31)
crutTK/inr p
O n—  I n —  I ~ 11  O
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th io s e m ic a r b a z o n e  (25 )  a s  shown i n  scheme 6 , The t h i o s e m i — 
c a rb a z o n e  was chosen  r a t h e r  th a n  t h e  se m ic a rb a zo n e  ( 2 6 ) 
b e c a u se  t h e  s u l p h u r - c o n t a in i n g  d e r i v a t i v e  i s  form ed much 
f a s t e r  ( 2 7 ) ,  t h u s  e n s u r in g  l e s s  l o s s  o f  t h e  v o l a t i l e  a c e ­
t o n e .  The 2 , 4 - d in i t r o p h e n y lh y d r a z o n e  (2 7 )  was n o t  u se d  
b e c a u se  o f  t h e  s e v e re  c o lo u r -q u e n c h in g  w hich  i t  c a u s e s  i n  
l i q u i d  s c i n t i l l a t i o n  c o u n t in g .
Y/hen [ 2 - ^ C  ]m evalonate  i s  u se d  a s  p r e c u r s o r ,  C - l ,  0 -5  
and C-9 o f  p a n ic u l i d e  B (28 )  sh o u ld  be l a b e l l e d .  Thus i f  
p a n i c u l i d e  B, which h a s  been b io  s y n t h e s i s e d  from  [ 2 - ^ 0 ]  
m e v a lo n a te ,  i s  d eg raded  to  a c e to n e ,  th e  s p e c i f i c  a c t i v i t y  
o f  t h e  d e r i v a t i v e  (2 3 )  shou ld  be 33fo o f  t h e  s p e c i f i c  a c t i v ­
i t y  o f  t h e  p a n ic u l i d e  B from  w hich  i t  was o b t a in e d  ( scheme 
7 ) .  The e x p e r im e n ta l  v a lu e  was found  to  be 28^, i n d i c a t ­
i n g  t h a t  t h e r e  i s  l i t t l e  p r e f e r e n t i a l  l a b e l l i n g  o f  t h e  
i s o p e n t e n y l - d e r i v e d  p o r t i o n  o f  p a n i c u l i d e  B from  [2-*^C ] 
m e v a lo n a te .
I f  l e u c i n e  l a b e l l e d  o n ly  th e  d i m e t h y l a l l y l - d e r i v e d  
p o r t i o n  o f  p a n ic u l i d e  B, th e n  when p a n i c u l i d e  B (3 0 )  i s  
b i o s y n t h e s i s e d  from ( 2S)-[U -"^C  ] l e u c i n e ,  60 fo o f  t h e  l a b e l  
sh o u ld  be i n  th e  a c e to n e  d e r i v a t i v e  ( 3 1 ) a s  shown i n  
scheme 8 . The e x p e r im e n ta l  v a lu e  i s  18^ . C l e a r l y ,  l e u ­
c i n e  d o es  n o t  l a b e l  o n ly  t h e  d i m e t h y l a l l y l - d e r i v e d  p a r t  
o f  t h e  m o le c u le .  I f  ( 2S ) - [ U - 14C ] l e u c in e  i s  i n c o r p o r a t e d  
u n i f o r m ly  i n t o  p a n ic u l i d e  B, th e n  t h e  a c e to n e  sh o u ld  con­
t a i n  20fo o f  t h e  a c t i v i t y .
I n  an  a t t e m p t  to  d i s c o v e r  w h e th e r  ( 2S ) - l e u c i n e  i s  t h e  
e n a n t io m e r  Vvhrch n_s iLj.jv-.vjxpvjj.ci.uc:d c u h u c  j_>, ^ 2 S /—
[ U - ^ C ] l e u c i n e  was mixed w i th  e i t h e r  ( 23)--[ 4 ? 5-^ H 2] l e u c i n e  
o r  ( 2 R S ) - [4 ,5 ~  H0 ] le u c in e  and f e d  to  t h e  c u l t u r e s .  Thetd
CH2 MgBr
(33 )
N = \  0 /= ^ N
^N -C -N ^
■> COOH
(3 4 )
13(•) r e p re s e n ts  C
:N
N.
0
(3 6 )
Li At H/,
CHO
(3 5 )
1)CN"/CH3 O H /N H 3
2)H3 0 +
n h 2
(3 2 )
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I n c o r p o r a t i o n  o f  ( 2 S ) - [U -^ G ]  l e u c i n e  i n t o  t h e  p a n ic u l i d e s *
100m g/l ( 2 S ) - l e u c in e «
a g e  1 2  3
wt pan  A (mg/10 f l a s k s )  8 .0  8*2 9*0
wt pan B (mg/10 f l a s k s )  -  1 4 .0  2 0 .5
f> i n c o r p o r a t i o n  i n t o  pan A 7 . 8  7 .3  8 . 4
fo i n c o r p o r a t i o n  i n t o  pan B 0 . 3  0 . 3  0 . 4
50m g/l ( 2S ) - 1 enc i n e >
age  1  2 3
w t pan B (mg/10 f l a s k s )  -  1 5 .0  21*0
f> i n c o r p o r a t i o n  i n t o  pan B 1 .7  1 . 8  3 . 1
weeks
weeks
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r e s u l t s  i n d i c a t e  t h a t  b o th  e n a n t io m e rs  a r e  u se d  w i th  e q u a l
f a c i l i t y ,  s i n c e  i n  b o th  c a s e s  t h e r e  i s  - 24fo r e t e n t i o n  o f
t r i t i u m  i n  p a n ic u l i d e  3 . T h is  i m p l i e s  t h a t  t h e  c u l t u r e s
c o n t a i n  an  amino a c id  racem ase  (E 0 5 . I . I . - ) .  Such enzym ic
a c t i v i t y  h a s  been  p r e v i o u s ly  been r e p o r t e d  (2 8 )  i n
N i c o t i a n a  tabacum  t i s s u e  c u l t u r e s ,  b u t  t h e  enzyme h a s  been
w e l l - c h a r a c t e r i s e d  o n ly  from m ic r o b ia l  s o u r c e s  ( 2 9 ) .
I n  o r d e r  t o  o b t a i n  more d e f i n i t i v e  e v id e n c e  f o r  t h e
i n c o r p o r a t i o n  p a t t e r n  o f  l e u c in e  i n t o  p a n i c u l i d e  B, i t  was
1*5d e c id e d  to  r e s o r t  to  C NMH s p e c t r o s c o p y .  S y n t h e s i s  o f  
13( 2 R S ) - [ 2 -  C ] l e u c in e  (32 )  was u n d e r ta k e n ,  f o l lo w in g  a  r o u t e
p r e v i o u s l y  d e s c r i b e d  (2 9 )  f o r  t h e  s y n t h e s i s  o f  [ 2 - ^ ^ C j l e u -
c i n e  (schem e 9 ) .  ' l a b e l  was i n t r o d u c e d  by c a r b o n a t i o n  o f
13t h e  G-rignard r e a g e n t  (3 3 )  w i th  GO  ^ g e n e r a te d  from  l a b e l -
13l e d  b a rium  c a r b o n a t e .  The [ 1 -  0 ] 3 - m e th y lb u ta n o ic  a c i d
( 2 4 ) was th e n  c o n v e r te d  to  t h e  c o r r e s p o n d in g  a ld e h y d e  ( 3 5 )
by r e d u c t i o n  o f  th e  im id a z o ly l  d e r i v a t i v e  ( 3 6 ) w i t h  l i t h i u m
alu m in ium  h y b r i d e .  S t r e c k e r  r e a c t i o n  o f  t h e  a ld e h y d e  (3 5 )
f o l lo w e d  by a c i d  h y d r o l y s i s  th e n  y i e l d e d  t h e  d e s i r e d  p r o -
d u c t ,  ( 2RS) - 12-  0 ] l e u c in e  ( 3 2 ) .
F e e d in g  c o n d i t i o n s  were o p t im is e d  f o r  i n c o r p o r a t i o n  o f  
14( 2 5 )—[U- C ] le u c in e  i n t o  p a n ic u l i d e  B u s i n g  a  medium r e ­
p la c e m e n t  t e c h n iq u e  to  o b t a i n  minimum d i l u t i o n  o f  
p a n i c u l i d e  B w i th  u n l a b e l l e d  m e t a b o l i t e .  The A n d ro g ra o h is  
c u l t u r e s  w ere grown f o r  one , two o r  t h r e e  weeks u n d e r  n o r ­
mal c o n d i t i o n s .  The medium was th e n  removed and r e p l a c e d
14w i t h  f r e s h  medium c o n t a i n i n g  ( 2 S ) - [ U -  C ] l e u c in e  w i th  t h e  
a d d i t i o n  o f  v a r i o u s  l e v e l s  o f  c a r r i e r  ( 2 S ) - l e u c i n e .  The 
r e s u l t s  a r e  shown i n  t a b l e  1 .  When t h e  c o n c e n t r a t i o n  o f  
l e u c i n e  i n  t h e  medium was lOOmg/ 1  o r  g r e a t e r ,  on_iy
■-CH2OCOCH3
CO CH.
(37)
T able 2 .
15A ssig n m en t o f  C NMR sp e c t ru m  o f  p a n i c u l i d e s A anc
A B
Carbon a tom <f(ppm) <f( ppm)
1 2 5 .3 2 5 .3
2 131*3 1 3 1 .2
3 1 2 3 .5 1 2 3 .5
4 2 7 .1 2 7 .1
5 22*9 2 2 .8
6 1 2 6 .4 1 2 6 .4
7 1 6 0 .7 1 6 1 .0
8 7 5 .0 7 5 .2
9 3 6 .6 3 2 .7
10 5 6 .8 6 0 .1
1 1 6 4 .9 6 1 .8
12 6 7 .3 67*2
13 17*4 1 7 .4
14 1 7 3 .3 1 7 3 .3
15 22 .9 6 3 .6
15
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p a n i c u l i d e  A was l a b e l l e d .  I n c u b a t io n  o f  ( 2 R S ) - t 2 - 1 ^ ]  
l e u c i n e  (5 0 m g /l)  w i th  t h r e e  w eek -o ld  p a n i c u l a t a  c u l t u r e s  
f a i l e d  i n  two s e p a r a t e  e x p e r im e n ts  to  p ro duce  i n c o r p o r a t i o n
1 3  1 Ao f  C i n t o  p a n ic u l i d e  B, even though  ( 2 S ) - [ U - C l l e u c i n e  
i s  e f f i c i e n t l y  in c o r p o r a te d  u n d e r  t h e s e  c o n d i t i o n s .  The 
s p e c i f i c  i n c o r p o r a t i o n  o f  (2 S )-[U ~  0 ] l e u c i n e  i n  t h e s e  ex­
p e r im e n t s  was 1 5 .5 $ ,  and t h e  ( 2RS)-[ 2- 1?C ] l e u c in e  u se d
15c o n ta in e d  70 atom $ 0 .  T h is  a l lo w s  one to  c a l c u l a t e  (3 0 )
t h e  e x p e c te d  peak  enhancem ents i n  t h e  m e ta b o l i t e s #  Even
i f  s i x  c a rb o n  atom s o f  p a n i c u l i d e  B w ere l a b e l l e d ,  a  peak
enhancem ent o f  ~50$ sh o u ld  be o b se rv e d  f o r  t h e s e  c a rb o n  
13a tom s i n  th e  C NMR sp ec tru m . However, no d e v i a t i o n  from  
n a t u r a l  abundance  i n t e n s i t i e s  co u ld  be d i s c e r n e d  even  a f t e r  
p r e p a r a t i o n  o f  th e  d ia c -e ta te  d e r i v a t i v e  o f  p a n i c u l i d e  3 (3 7 )  
and peak  h e ig h t  n o r m a l i s a t i o n  on t h e  u n l a b e l l e d  a c e t a t e  
peaks#
13I n  a  f u r t h e r  e x p e r im e n t ,  (2 R S )-[2 ~  0 ] l e u c i n e  was f e d  
t o  t h e  c u l t u r e s  u n d e r  c o n d i t i o n s  where ( 2 S ) - [ U - ^ C  j l e u c i n e  
was i n c o r p o r a t e d  i n t o  p a n ic u l id e  A# In  t h i s  c a s e ,  t h e  sp e ­
c i f i c  i n c o r p o r a t i o n  o f ,  t h e  r a d i o a c t i v e  t r a c e r  was 28.3/1>,
w h ich  sh o u ld  l e a d  to  a  184$ peak enhancem ent i f  s i x  c a rb o n
13a tom s w ere l a b e l l e d  from  (2 R S ) - [ 2 -  C j l e u c i n e .  A gain  no
13s i g n i f i c a n t  i n c o r p o r a t i o n  o f  G was o b s e rv e d .  The chem­
i c a l  s h i f t s  and peak  a s s ig n m e n ts  o f  t h e  NMR sp e c t ru m  
o f  p a n i c u l i d e  A a r e  l i s t e d  i n  t a b l e  2. The sp e c tru m  i s  
e a s i l y  a s s ig n e d  i n  com parison  w i th  t h a t  o f  p a n i c u l i d e  B, 
w h ich  h a s  p r e v i o u s ly  been  d i s c u s s e d  (p43)*  I ’t  sh o u ld  be 
n o te d  t h a t  rem ova l o f  t h e  h y d ro x y l  g roup  h a s  r e s u l t e d  i n  
an  u p f i e l d  s h i f t  o f  t h e  a ca rb o n  atom (0 - 1 5 )  o f  40.6ppm , 
so t h a t  t h i s  s i g n a l  now c o in c id e s  w i th  t h a t  o f  0 -5  w h ich
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h a s  n e t  s h i f t e d .  The p c a rb o n  atom ( 0 —10) i s  a l s o  more 
s h i e l d e d  i n  p a n ic u l i d e  A by 3.3ppm, The two Y c a rb o n  a to m s, 
0 -9  and C - l l ,  a r e  d e s h ie ld e d  by rem ov a l o f  t h e  h y d ro x y l  
g ro u p  by 3*9 and 3.2ppm r e s p e c t i v e l y .  The s e n se  and mag­
n i t u d e  o f  a l l  t h e s e  s h i f t s  a r e  f u l l y  c o m p a t ib le  w i th  t h e  
e s t a b l i s h e d  s u b s t i t u e n t  e f f e c t s  f o r  t h e  h y d ro x y l  g roup
( 3 1 ) .  The sp ec tru m  o f  p a n ic u l i d e  A o b ta in e d  from  f e e d i n g  
13( 2 R S ) - [ 2 -  0 ] l e u c in e  i s  shown i n  f i g u r e  1 .  I t  m ust be con ­
c lu d e d  from  t h e s e  r e s u l t s  t h a t  G- 2  o f  l e u c i n e  i s  n o t  
i n c o r p o r a t e d  i n t o  t e r p e n o id s  i n  A n d ro g ra p h is  p a n ic u la , t a  
t i s s u e  c u l t u r e s .
A c lu e  to  t h e  i n t e r p r e t a t i o n  o f  t h e s e  r a t h e r  p e r p l e x ­
i n g  r e s u l t s  i s  p ro v id e d  by c o n s i d e r a t i o n  o f  a  r e c e n t  r e p o r t  
by  F u g a n t i  and h i s  c o l l e a g u e s  ( 26 ) who s t u d i e d  t h e  i n c o r -  
p o r a t i o n  o f  ( 4 R ) - t  5 - “* C ] l e u c in e  (3 8 )  and t h e  ( 4S ) - i s o m e r  
( 3 9 ) i n t o  th e  m e ro te rp e n o id s  e c h i n u l i n e  (4 0 )  and  f l a v o -  
g l a u c i n e  (41 ) i n  A s p e r g i l l u s  a m s te lo d a m i . As shown i n  
scheme 1 0 , i f  d e g r a d a t io n  o f  l e u c in e  o c c u r s  by t h e  pa thw ay 
p r e v i o u s l y  c h a r a c t e r i s e d  i n  mammalian l i v e r ,  t h e  two m e th y l  
g ro u p s  o f  l e u c i n e  sho u ld  become C- 2  and 0-3* o f  ( 3 S ) - 3 — 
h y d ro x y m e th y lg lu ta ry l-O o A , a s  i n d i c a t e d  i n  ( 4 2 ) .  D i r e c t  
r e d u c t i o n  o f  (4 2 )  by h y d ro x y m e th y lg lu ta ry l-C o A  r e d u c t a s e
would g iv e  m ev a lo n a te  (4 3 )  i n  which 0 -2  and C - 3 ! o r i g i n a t e
13from  t h e  two m eth y l g rou ps  o f  l e u c i n e .  From t h e  G NMR 
sp e c tru m  o f  e c h i n u l i n e  and f l a v o g l a u c i n e  b i o s y n t h e s i s e d  
from  t h e  i s o m e r ic  l a b e l l e d  l e u c in e  sam p les  (3 8 )  and (39.), 
i t  was deduced t h a t  t h e r e  i s  p r e f e r e n t i a l  i n c o r p o r a t i o n  o f  
t h e  p r o —4S m eth y l group  o f  l e u c i n e  i n t o  0—3 ? o f  m e v a lo n a te ,  
w h i l e  t h e  p r o —4R m ethy l g roup  i s  i n c o r p o r a t e d  i n t o  G—4 o f  
m e v a lo n a te .  Thus, i n s t e a d  o f  l a b e l l i n g  C—2 o f  m e v a lo n a te ,
CK co2h ho2c 1=3
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one o f  t h e  m ethy l g ro u p s  o f  l e u c i n e  l a b e l s  a t  C -4 . The 
i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  shown i n  scheme 1 1 .  De­
g r a d a t i o n  o f  (3 S ) -3 -h y d ro x y m e th y lg lu ta ry l -C o A  ( 4 4 ) to  
a c e t o a c e t a t e  (£ 5 )  and ace ty l-C o A  must have t a k e n  p l a c e  by 
t h e  a c t i o n  o f  h y d ro x y m e th y lg lu ta ry l-C o A  l y a s e  (E G 4 . 1 . 3 . 4 ) .  
I n  t h i s  r e a c t i o n ,  ace ty l-C o A  i s  d e r iv e d  from  t h e  p ro -S  a c e ­
t i c  a c i d  g ro up  o f  t h e  s u b s t r a t e  (17)*  The s y n t h e s i s  o f  
( 3 S ) -3 -h y d ro x y m e th y lg lu ta ry l -0 o A  i s  c a t a l y s e d  by h y d ro x y -  
m e th y lg lu ta ry l -C o A  sy n th a se *  In  t h e  s y n th a s e  r e a c t i o n ,  
h ow ev er ,  a ce ty l-C o A  form s th e  p ro -R a c e t i c  a c i d  g roup  o f  
t h e  p ro d u c t  ( 1 8 ) ,  and coenzyme A i s  l i b e r a t e d  from  a c e t y l -  
CoA d u r in g  t h e  r e a c t io n #  Thus, d e g r a d a t i o n  o f  3- h y d r o x y -  
m e th y lg lu ta ry l -C o A  to  a ce ty l-C o A  and a c e t o a c e t a t e  l e a d s  t o  
l a b e l  from  t h e  m e th y l  g ro u p s  o f  l e u c i n e  a p p e a r in g  a t  C-3* 
and C-4 o f  m ev a lo n a te  (46)*
Scheme 12 shows t h e  f a t e  o f  C-2 o f  l e u c i n e  when t h e r e  
i s  d e g r a d a t i o n  to  ace ty l-C o A  (47 )  and a c e t o a c e t a t e .  I f  
a c e ty l -C o A  w hich  i s  l a b e l l e d  from  C-2 o f  l e u c i n e  i s  i n c o r ­
p o r a t e d  i n t o  m ev a lon a te  (4 8 )  by t h e  h y d r o x y m e t h y lg l u t a r y l -  
CoA s y n th a s e  sys tem  and d oes  n o t  c o n t r i b u t e  t o  t h e  a c e t o -  
a c e ty l -C o A  p o o l ,  t h e  l a b e l  i s  a t  C - l  and i s  t h u s  l o s t  a s  
c a rb o n  d io x id e  i n  t h e  fo r m a t io n  o f  i s o p e n t e n y l  p y ro p h o s­
p h a t e .  F a i l u r e  to  o b se rv e  i n c o r p o r a t i o n  o f  l a b e l  from  C-2 
o f  l e u c i n e  i n t o  p a n i c u l i d e  B i n d i c a t e s  t h a t  d e g r a d a t i o n  o f  
l e u c i n e  to  a ce ty l-C o A  and a c e t o a c e t a t e  p ro b a b ly  o c c u r s  i n  
p a n i c u l a t a  c u l t u r e s  and t h a t  u n d e r  t h e s e  c o n d i t i o n s  
a c e ty l -C o A  i s  n o t  i n c o r p o r a te d  i n t o  a c e to a c e ty l - C o A .  P r e ­
sum ably  a c e to a c e ty l-O o A  i s  n o t  s y n t h e s i s e d  by t h e  t i s s u e s  
f rom  a ce ty l-C o A  b e ca u se  o f  p ro d u c t  i n h i b i t i o n .  A l t e r ­
n a t i v e l y ,  t h e r e  may be a  c o m p a r tm e n ta t io n  e f f e c t  w hich
(49)
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o n ly  a l l o w s a c e t o a c e t a t e  to  be t r a n s p o r t e d  t o  t h e  s i t e  o f  
t e r p e n o i d  b i o s y n t h e s i s ,  w h i le  a c e to a c e ty l -C o A  re m a in s  on 
t h e  s i t e  o f  l e u c i n e  d e g ra d a t io n , ,  T h is  i s  e n t i r e l y  p l a u s ­
i b l e  s i n c e  t h e  t r a n s p o r t  p r o p e r t i e s  o f  a c e r o a c e t a t e  a n io n  
and a ce ty l-G o A  e s t e r  w i l l  d i f f e r  m ark e d ly .  A c e t o a c e t a t e  
h a s  been  shown many y e a r s  ago (3 2 )  t o  be i n c o r p o r a t e d  i n t o  
c h o l e s t e r o l  w i th o u r  p r i o r  breakdown t o  a c e t a t e .
I t  i s  now p o s s i b l e  to  r a t i o n a l i s e  th e  o b s e rv e d  p a t t e r n  
o f  i n c o r p o r a t i o n  o f  ( 2S)-[U -'L^ C ] l e u c in e  i n t o  p a n i c u l i d e  B.
I f  t h e  a ce ty l-G o A  and a c e to a c e ty l-G o A  a r e  d i l u t e d  w i th  
endogenous m a t e r i a l  and r e - i n c o r p o r a t e d  to  t h e  same e x t e n t ,  
t h e n  t h e  l a b e l l i n g  p a t t e r n  i n  p a n i c u l i d e  B b io s y n t h e s i s e d  
from  ( 2 S )-[U -‘L^ C ] le u c in e  sh o u ld  be a s  shown i n  (4 9 )  and 
t h e  a c e to n e  d e r i v a t i v e  (5 0 )  o b ta in e d  by o x i d a t i o n  sh o u ld  
c o n t a i n  25^ o f  t h e  r a d i o a c t i v i t y .  I f  t h e  a c e ty l-C o A  i s  n o t  
r e - i n c o r p o r a t e d  a t  a l l ,  t h e n  p a n i c u l i d e  B sh o u ld  be l a b e l ­
l e d  a s  shov/n i n  (51 )  and t h e  a c e to n e  d e r i v a t i v e  (5 2 )  
s h o u ld  c o n ta in  22fo o f  t h e  r a d i o a c t i v i t y .  The e x p e r im e n t ­
a l  v a lu e  o f  IQfo do es  n o t  d i s t i n g u i s h  betw een  th e s e  
a l t e r n a t i v e s .
Now t h a t  t h e  d e g r a d a t iv e  pathw ay h a s  been  e s t a b l i s h e d  
i n  o u t l i n e ,  r a t i o n a l i s a t i o n  o f  t h e  o b se rv e d  t r i t i u m  r e t e n -
"I *7
t i o n  i n  p a n i c u l i d e  B b i c s y n t h e s i s e d  from  ( 2 S ) - [ U -  ^C , 4 , 5 -  Hp ] 
l e u c i n e  (53 )  may be a t t e m p te d ,  Scheme 13 shows t h e  t r i t i u m ;  
c a rb o n  r a t i o  f o r  each  p ro p o sed  i n t e r m e d i a t e .  Thus, i t  may 
be c a l c u l a t e d  t h a t  e q u a l  d i l u t i o n  and i n c o r p o r a t i o n  o f  
a c e ty l-G o A  and a c e t o a c e t a t e  sh ou ld  l e a d  to  29fo t r i t i u m  r e ­
t e n t i o n ,  w h i le  i f  a c e t y l —CoA i s  n o t  r e - i n c o r p o r a t e d  a t  8,11 
t h e r e  sh o u ld  be 39 fo  t r i t i u m  r e t e n t i o n  i n  p a n i c u l i d e  3 .
The e x p e r im e n ta l  v a lu e  I s  24f>, which t e n d s  t o  s u p p o r t  t h e
Table 3»
A cety l-C oA  i n c o r p o r a t e d  
tw ic e  a s  w e l l  a s  
a c e t o a c e t a t e
E q u a l  i n c o r p o r a t i o n  o f  
a c e ty l-C o A  and 
a c e t o a c e t a t e
Only a c e t o a c e t a t e  
i n c o r p o r a t e d
A c t i v i t y  i n  
a c e t o n e .
21%
25%
22%
r e t e n t i o n  from  
( 2 S ) - [ U - 1^0 , 4 , 5 - % p ] 
l e u c i n e .  *
20%
29%
O b served 18% 24%
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lo w e r  f i g u r e ,  im p ly in g  t h a t  b o th  a ce ty l-C o A  and a c e t o ­
a c e t a t e  a r e  i n c o r p o r a t e d .  However, i t  sh o u ld  be n o te d  
t h a t  t h e r e  may be c o n s id e r a b le  (n o n -en zy m ic )  l o s s  o f  t r i t ­
ium from  a c e t o a c e t a t e  and u n l e s s  t h e  e x t e n t  o f  t h i s  l o s s  
c a n  be d e te rm in e d ,  i t  i s  d i f f i c u l t  t o  come t o  any  d e f i n i t e  
c o n c l u s i o n .  The r e s u l t s  and p o s s i b l e  c o n c lu s io n s  a r e  sum­
m a r i s e d  i n  t a b l e  %  F o r  th e  p u rp o s e s  o f  c o m p a r iso n ,  t h e  
e x p e c te d  v a lu e s  a r e  a l s o  g iv e n  f o r  t h e  c a s e  i n  w hich  
a c e ty l-C o A  i s  in c o r p o r a te d  w i th  tw ic e  t h e  e f f i c i e n c y  o f  
a c e t o a c e t a t e .  I t  seems c e r t a i n  t h a t  l e u c i n e  i s  i n c o r p o r ­
a t e d  i n t o  p a n i c u l i d e  B v i a  a ce ty l-C o A  and a c e t o a c e t a t e ,  b u t  
t h e  e x t e n t  o f  d i l u t i o n  w i th  endogenous m a t e r i a l  and d e g re e  
o f  i n c o r p o r a t i o n  o f  t h e s e  s u b s ta n c e s  r e q u i r e s  f u r t h e r  
s t u d y .  I n  p a r t i c u l a r ,  t h e  e x t e n t  o f  i n c o r p o r a t i o n  o f  
a o e ty l-G o A  c o u ld  be d e te rm in e d  by t h e  u s e  o f  l e u c i n e  l a b e l ­
l e d  a t  C~%
( 2 S ) - [U -1^C ] le u c in e  and ( 2 S ) - [U -1 '^C ] v a l i n e  w ere  i n c u ­
b a t e d  w i th  t h e  c e l l - f r e e  system  from  A*_ p a n i c u l a t a  t i s s u e  
c u l t u r e s  w hich  c o n ta in e d  a l l  t h e  c o - f a c t o r s  n e c e s s a r y  f o r  
c o n v e r s io n  o f  m ev a lo n a te  i n t o  f a r n e s o l .  I n c o r p o r a t i o n  o f  
r a d i o a c t i v i t y  was o b se rv e d  i n t o  n e i t h e r  f a r n e s o l  n o r  Y- 
b i s a b o l e n e .  The pathway f o r  l e u c i n e  d e g r a d a t i o n  by  t h e  
c e l l - f r e e  sy s tem  must be b lo ck e d  a t  a  p o i n t  so f a r  
u n d e te rm in e d .
- 7 7 -
E x p e r im e n ta l*
F e e d in g  o f  ( 2 S )- [U -M c  ]■v a l i n e  and 
i 2 S M U - 1 4 C ] le u o in e  to  A n d ro g ra n h is  c u l t u r e s *
( 2S )-[U-*^C ]V a l in e  (lO p C i ,  5 pg) was a d m in i s t e r e d  a s  a  
f i l t e r - s t e r i l i z e d  aqueous s o l u t i o n  (2 0 0 p l )  to  c u l t u r e s  o f  
4_* p a n i c u l a t a  (5  f l a s k s ,  0 .8 5 g  d ry  v /e igh t c a l l u s  t i s s u e )  
w h ich  had been grown i n  s u s p e n s io n  c u l t u r e  f o r  tw e n ty -o n e  
d a y s  f o l lo w in g  t r a n s f e r  from  s o l i d  medium* A f t e r  a  f u r t h e r  
s e v e n  d a y s ’ g row th , p a n ic u l id e  B was i s o l a t e d  from  t h e  c u l ­
t u r e  medium a s  p r e v io u s ly  d e s c r ib e d  ( p 5 3 ) .  L iq u id  
s c i n t i l l a t i o n  c o u n t in g  and r a d i o - s c a n n i n g  o f  t h e  t . l . c *  
p l a t e  showed n e g l i g i b l e  a c t i v i t y  i n  p a n i c u l i d e  B.
When ( 2 S ) - [ TJ ~ ^ C ] l e u c i n e  ( lO p C i ,  4Pg) was u se d  a s  a  
p r e c u r s o r  i n  a  s i m i l a r  e x p e r im e n t ,  r a d i o - s c a n n i n g  o f  a  
ch rom atogram  o f  t h e  e x t r a c t  showed t h a t  p a n i c u l i d e  B was 
l a b e l l e d .  The p a n ic u l i d e  B w hich  was i s o l a t e d  was d i l u t e d  
w i t h  c a r r i e r  and c r y s t a l l i s e d  to  c o n s t a n t  a c t i v i t y  from  
e t h y l  a c e t a t e .  The t o t a l  y i e l d  o f  p a n i c u l i d e  B was 27.6mg 
o f  s p e c i f i c  a c t i v i t y  1 .3 3  lO^dpm/mg, r e p r e s e n t i n g  an  i n c o r ­
p o r a t i o n  o f  1 .6 $  I n  a  d u p l i c a t e  e x p e r im e n t ,  t h e  
i n c o r p o r a t i o n  was 0 .7 8 $ .
D e g r a d a t io n  o f  p a n ic u l i d e  B
b i o s y n t h e s i s e d  from [ 2-^^C ]m ev a lo n a te .
( 3RS)- [  2 - ^ C ] M evalonate  (5P C i ,  0 .2 9  P m ole) was f e d  t o  
5 f l a s k s  o f  th r e e - w e e k - o ld  p a n i c u l a t a  c u l t u r e s  and 
p a n i c u l i d e  B was i s o l a t e d  i n  t h e  u s u a l  way a f t e r  sev en  
d a y s .  C a r r i e r  p a n i c u l i d e  B was added and t h e  m a t e r i a l  was 
c r y s t a l l i s e d  to  c o n s t a n t  a c t i v i t y  (9 .6x i0^dpm /m g , 2 .69x1 0^  
dpm/m m ole , a f t e r  f o u r  c r y s t a l l i s a t i o n s  from  e t n y l  a c e t a t e ) *  
T h is  r e p r e s e n t s  an  i n c o r p o r a t i o n  o f  3.*8
A sam ple o f  t h i s  p a n ic u l i d e  B (14mg, 0*05m m ole) was 
mixed w i th  2 -m e th y lp ro p a n -2 -o l  (0 .2 m l)*  Ruthenium  d io x id e  
(1 .5m g , 0.011m m ole) was th e n  add ed . A s o l u t i o n  o f  sodium 
p e r i o d a t e  (0 .4m  m ole) and p e r i o d i c  a c id  (0 .01m  m ole) i n  
w a t e r  was th e n  added i n  sm a ll  p o r t i o n s  o v e r  a  p e r i o d  o f  
t h r e e  h o u r s .  A f t e r  one h o u r ,  a  slow s t re a m  o f  n i t r o g e n  was 
p a s s e d  th ro u g h  th e  r e a c t i o n  m ix tu re  to  e n t r a i n  a c e to n e  w h ich  
was t r a p p e d  by p a s s in g  th e  gas  th ro u g h  t h r e e  t e s t  t u b e s ,  
e a c h  c o n t a i n i n g  th io s e m ic a r b a z id e  (30mg, 0.33m rnole) and 
sodium  a c e t a t e  (60mg, 0.75m m o le ) .  The n i t r o g e n  s t re a m  was 
l e f t  on f o r  a  f u r t h e r  s i x t e e n  h o u rs  t o  e n s u re  t h a t  a l l  t h e  
a c e to n e  had  been removed from th e  r e a c t i o n  m ix tu r e .  The 
c o n t e n t s  o f  t h e  t e s t  tu b e s  were th e n  com bined, w a te r  (10m l) 
was added  and t h e  p ro d u c t  e x t r a c t e d  w i th  e t h y l  a c e t a t e  
(3 x 1 0 m l) .  The a c e to n e  th io s e m ic a rb a z o n e  ( r ^  0 .3 5 )  was i s o l ­
a t e d  (5 .7 m g , 86$ t h e o r e t i c a l )  by p r e p a r a t i v e  t . l . c .  o v e r  
s i l i c a  ( c h lo ro fo rm -m e th a n o l ,  9 4 :6 ,  v / v )  and c r y s t a l l i s e d  
from  aq u eo u s  m ethano l to  c o n s t a n t  a c t i v i t y .  The s p e c i f i c  
a c t i v i t y  o f  a c e to n e  th io s e m ic a rb a z o n e  was 5.72xl0^dpm /m g 
( 7 .4 9 7  xlO^dpm/m m o le ) .  T h is  i s  28$ o f  t h e  s p e c i f i c  a c t i v i t y  
o f  t h e  p a n i c u l i d e  B.
D e g ra d a t io n  o f  p a n i c u l i d e  B b i o s y n t h e s i s e d  from  
( 2 S ) - [ U - I 4 0 1 le u c in e .
P a n i c u l i d e  B (14mg, 0.05m m ole) b i o s y n t h e s i s e d  from
( 2 S ) - [ U - ^ C ] l e u c i n e  (10p C i ,  4Pg) w i th  0 . 3 $  i n c o r p o r a t i o n  
was c r y s t a l l i s e d  to  c o n s t a n t  a c t i v i t y  ( 1 .8 x 1 0 ^dpm/mg, 5 .2 2  
x l 0 5dpm/m m o le ) .  D e g ra d a t io n  o f  a  sam ple o f  t h i s  p a n i c u l i d e  
B (14mg, 0 * 0 5m m ole) to  a c e to n e  was c a r r i e d  o u t  e x a c t l y  a s  
d e s c r i b e d  abov e . The s p e c i f i c  a c t i v i t y  o f  t h e  a c e to n e  
th io s e m ic a r b a z o n e  o b ta in e d  (6mg, 90$ t h e o r e t i c a l )  i n  t h i s
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e x p e r im e n t  was 679*ldpm/mg ( 8 .9 x 1 0 4dpm/m m o le ) .  T h is  i s  
1 8 ^  o f  t h e  s p e c i f i c  a c t i v i t y  o f  th e  p a n i c u l i d e  B# 
I n c o r p o r a t i o n  o f  (2S)~fU~1 4 g. 4- .  5 - ^  ] l e u c in e  and 
L 2Sl~ [U -14'g ] l e u c i n e  ( 2RS)-f 4, 5-^H,.. ] l e u c i n e  i n t o  
p a n i c u l i d e  B.
A n d ro g ra p h is  su s p e n s io n  c u l t u r e s  ( t w e n ty - f o u r  d ay s  
a f t e r  s u b c u l t u r e ,  3 f l a s k s ,  0 .5 1 g  d ry  w e ig h t  c a l l u s  t i s s u e )
w ere  f e d  w i th  ( 2 S )- [U -14C, 4 , 5 -5Hp] l e u c i n e  ( I n  C i 14C,
3 140 .0 4 p g ,  H: C 1 2 . 0 ) .  A f t e r  a  f u r t h e r  t e n  d a y s ,  p a n i c u l i d e
B was i s o l a t e d  and p u r i f i e d  i n  t h e  u s u a l  m anner. The i n c o r ­
p o r a t i o n  a f t e r  c r y s t a l l i s a t i o n  to  c o n s t a n t  a c t i v i t y  was 
0 .6 2 $  and th e  r a t i o  was 2 .89* T h is  r e p r e s e n t s  a
t r i t i u m  r e t e n t i o n  o f  24/£*
I n  a  p a r a l l e l  e x p e r im e n t ,  ( 2S )-[U ~ '^C ] l e u c i n e  ( l p  O i,
0 .0 4 p g )  was mixed w i th  ( 2 R S )~ [4 ,5 - ^ 2  J l eu c i ne (5 0 p  C i)  and
u se d  a s  a  s u b s t r a t e  f o r  p a n ic u l i d e  B b i o s y n t h e s i s  u n d e r  t h e
3 14-c o n d i t i o n s  d e s c r i b e d  ab o v e . The n i l  C r a t i o  o f  t h e  su b ­
s t r a t e  was 43*32, w h i le  t h e  p a n i c u l i d e  had a  r a t i o  o f  9*98 . 
T h is  r e p r e s e n t s  23fo r e t e n t i o n  o f  t r i t i u m .
P r e p a r a t i o n  o f  ( 2 R S ) - [2 -  l e u c i n e .
The s y n t h e s i s  o f  ( 2 R S )- [2 -1^ C ] le u c in e  was p e rfo rm ed  by  
t h e  u s e  o f  vacuum l i n e  t e c h n iq u e s  w hich  have  b e en  d e s c r i b e d  
by P i c h a t  ( 2 9 ) .  A s o l u t i o n  o f  G r ig n a rd  r e a g e n t  was p r e ­
p a re d  by r e a c t i o n  o f  l-b rom o~ 2~ m ethy lp ro pane  ( 2 .7 4 g ,  20m 
m ole)  w i t h  magnesium t u r n i n g s  (490mg, 20m m ole) i n  d ry  
e t h e r  (4 0 m l) .  The f l a s k  c o n t a i n i n g  t h i s  s o l u t i o n  was t h e n  
t r a n s f e r e e  to  t h e  vacuum l i n e  and f r o z e n  i n  l i q u i d  n i t r o ­
g e n .  C arbon d io x id e  (5m m o le ) ,  w hich  was g e n e r a t e d  by
13r e a c t i o n  o f  c o n c e n t r a t e d  s u l p h u r i c  a c id  w i th  C l a b e l l e c
13b arium  c a r b o n a te  ( 0 .9 9 2 g ,  5m m ores , 87*6 atom  " C ) ,  was
t h e n  d i s t i l l e d  i n to  t h e  f l a s k  c o n t a i n i n g  t h e  G r ig n a rd  r e ­
a g e n t .  The r e a c t i o n  f l a s k  was s e a le d  o f f  from  t h e  r e s t  
o f  t h e  vacuum l i n e  and a llo w ed  to-w arm  up to  ~25°C. V ig­
o r o u s  s t i r r i n g  was s t a r t e d  a s  soon a s  p o s s i b l e .  Any c a rb o n  
d i o x id e  r e m a in in g  i n  th e  vacuum l i n e  was condensed  by f r e e z ­
i n g  t h e  r e a c t i o n  m ix tu re  i n  l i q u i d  n i t r o g e n  once m ore.
A f t e r  s t i r r i n g  f o r  a  f u r t h e r  t e n  m in u te s ,  d i l u t e  s u l p h u r i c  
a c i d  (6N, 20ml) was s lo w ly  added w i th  c o o l i n g .  S i l v e r  s u l ­
p h a te  (5 g )  was added and th e  r e a c t i o n  m ix tu re  d i s t i l l e d  a t  
a tm o s p h e r ic  p r e s s u r e .  The e t h e r ,  w hich  d i s t i l s  f i r s t ,  was
d i s c a r d e d  and th e  p ro d u c t  was e n t r a in e d  i n  t h e  aq u eo us  d i s -
13t i l l a t e .  The [ 1 -  0 ]3 -m e th y lb u ta n o ic  a c id  (3 4 )  was t i t r a t e d
w i t h  1M sodium h y d ro x id e  a s  i t  d i s t i l l e d  u s i n g  p h e n o lp h t h a l -  
i n  a s  i n d i c a t o r .  A f t e r  e v a p o r a t io n  o f  w a te r  u n d e r  re d u c e d  
p r e s s u r e ,  t h e  sodium s a l t  was d r i e d  c o m p le te ly  by h e a t i n g  i n  
vacuo a t  110°0 o v e r n i g h t .
Dry e t h e r  (50m l) was d i s t i l l e d  i n t o  t h e  f l a s k  c o n t a i n ­
i n g  t h e  d ry  s a l t  a t  t h e  same t im e  a s  d ry  h y d ro g en  c h l o r i d e  
(6m m o le s ,  g e n e ra te d  from  sodium c h l o r i d e  and c o n c e n t r a t e d  
s u l p h u r i c  a c i d ) .  A f t e r  s t i r r i n g  o v e r n ig h t  a t  room te m p e r ­
a t u r e ,  e x c e s s  hydrog en  c h l o r i d e  was removed by d i s t i l l a t i o n  
i n  vacuo o f  p a r t  o f  th e  e t h e r .  The r e a c t i o n  f l a s k  was t h e n  
p u rg ed  w i th  n i t r o g e n  b e f o r e  a d d i t i o n  o f  c a r b o n y l  b i s i m i d a -  
z o l e  ( l .O g ,  ~6m m o le ) .  The r e a c t i o n  m ix tu re  was th e n  
s t i r r e d  a t  room te m p e ra tu re  f o r  two h o u r s  and r e f i u x e a  f o r  
a  f u r t h e r  t h i r t y  m in u te s .  The im id a z o le  d e r i v a t i v e  (3 6 )  
was t h e n  re d u c e d  a t  0°G by c a r e f u l  a d d i t i o n  o f  l i t h i u m  a l u ­
minium h y d r id e  ( v*95mg, ^*2.5m m o le ) .  S m all  a l i q u o t s  o f  t h e  
r e a c t i o n  m ix tu re  were removed d u r in g  r e d u c t i o n  t o  be moni­
t o r e d  by a n a l y t i c a l  g . l . c .  on 1 fo SS 30 a t  90°G. A d d i t io n
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o f  l i t h i u m  alum inium  h y d r id e  was s to p p ed  a s  soon a s  t h e  f i r s t  
t r a c e s  o f  a l c o h o l  c o u ld  be d e t e c t e d .  The a lum in ium  s a l t s  
w ere  decomposed by a d d i t i o n  o f  d i l u t e  s u l p h u r i c  a c i d  (5 m l) .
The r e a c t i o n  m ix tu re  was r e - c o o l e d  to  0°C and s a t u r a t e d  
w i t h  ammonia. P o ta s s iu m  c y a n id e  (390mg, 6m m o le ) ,  ammonium 
c h l o r i d e  (321mg, 6m m ole) and a  s a t u r a t e d  s o l u t i o n  o f  ammon­
i a  i n  m eth an o l  (12m l) were th e n  added and t h e  m ix tu re  was 
s t i r r e d  a t  room te m p e r a tu re  f o r  f o r t y - e i g h t  h o u r s .  E th e r  
was removed u n d e r  red u c ed  p r e s s u r e  and t h e  r e s i d u e  was a c i d ­
i f i e d  w i th  c o n c e n t r a t e d  h y d r o c h lo r i c  a c id  (4 0 m l) .  The 
r e a c t i o n  m ix tu re  was t h e n  l e f t  to  s ta n d  o v e r n ig h t  b e f o r e  
r e f l u x i n g  f o r  e i g h t  h o u r s .  The s o l u t i o n  was th e n  e v a p o ra te d  
t o  d r y n e s s ,  t a k e n  up i n  a  sm a ll  volume o f  w a te r  and t r e a t e d  
w i t h  c h a r c o a l .  The aqueous s o l u t i o n  was th e n  a p p l i e d  to  a  
colum n ( 35cmx2.5cm) o f  Dowex 50 W8 c a t i o n  exchange r e s i n  i n  
t h e  H*- fo rm . The column was e l u t e d  w i th  0.3M h y d r o c h l o r i c  
a c i d .  P re s e n c e  o f  amino a c id  i n  f r a c t i o n s  was d e te rm in e d
by  a  n i n h y d r in  t e s t .  P r a c t i o n s  c o n ta in i n g  t h e  p r o d u c t  
13(2 R S )- [2 ~  C J le u c in e  were combined and e v a p o ra te d  t o  d ry ­
n e s s .  The r e s i d u e  was d i s s o l v e d  i n  t h e  minimum q u a n t i t y  o f  
w a t e r  and a p p l i e d  to  a  s i m i l a r  column o f  Dowex 50 i n  H 
fo rm . The column was e l u t e d  w i th  0.3M h y d r o c h l o r i c  a c i d  
( 50m l) ,  washed w i th  d i s t i l l e d  w a te r  u n t i l  no t r a c e  o f  c h l o r ­
i d e  i o n  c o u ld  be d e t e c t e d  ( s i l v e r  n i t r a t e  t e s t ) ,  and t h e  
f r e e  amino a c i d  was e l u t e d  w i th  2.0M ammonium h y d r o x id e ,  
y i e l d i n g  ( 2RS)~[ 2 -13C ] le u c in e  (282mg, 43fS y i e l d  b a se d  on 
b a r iu m  c a r b o n a t e ) .
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The 0 NMH sp e c tru m  o f  t h i s  m a t e r i a l  was r e c o r d e d  i n  
DgO/NIfyOH/dioxan; c h e m ic a l  s h i f t  ( c o n v e r t e d  t o  TMS s c a l e )  
a s s ig n m e n t ;  55®1* 0 - 2 :  44-.3, 0 -3  ( d o u b le t  J  35Hz); 25*2,
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C—4$ 23*2, 2 2 .1 ,  C—5, C—5 1; G—1 n o t  o b s e r v e d . The sp e c tru m  
was s i m i l a r  to  t h a t  o f  u n l a b e l l e d  l e u c i n e ,  e x c e p t  t h a t  t h e  
peak  a t  655*1 was g r e a t l y  enhanced . The c h e m ic a l  s h i f t  
a g r e e s  w e l l  w i th  t h e  l i t e r a t u r e  v a lu e  (3 3 )  f o r  t h e  a c a rb o n  
o f  l e u c i n e  ( 654*4ppm) w hich was o b t a in e d  i n  n e u t r a l  
s o l u t i o n ,  c o n te n t  was -7 0  atom
O p t i m i s a t io n  o f  f e e d in g  c o n d i t i o n s  f o r  ( 2 S ) - [ U - 14C ] l e u c i n e .
C u l tu r e  medium was removed from  s u s p e n s io n  c u l t u r e s  (5  
f l a s k s )  w hich  had been  grown f o r  se v en , f o u r t e e n  o r  tw e n ty -  
one  d a y s  f o l lo w in g  t r a n s f e r  from  s o l i d  medium. The medium 
was r e p l a c e d  w i th  f r e s h  s t e r i l e  medium c o n t a i n i n g  ( 2 S ) -  
[ U - 14C] l e u c i n e  ( I p  O i) and n o n - r a d i o a c t i v e  ( 2 3 ) - l e u c i n e  
(5 0 m g /l  o r  1 0 0 m g / l ) .  P a n i c u l id e  B was e x t r a c t e d  a f t e r  a  
f u r t h e r  sev en  days and c r y s t a l l i s e d .  The r e s u l t s  a r e  shown 
i n  t a b l e  1 .  When t h e  h ig h  l e u c i n e  c o n c e n t r a t i o n  was u s e d ,  
p a n i c u l i d e  B was n o t  l a b e l l e d ,  b u t  a n o th e r  l e s s  p o l a r  com­
pound , w hich  was i d e n t i f i e d  a s  p a n i c u l i d e  A ( r ^ O . 5 3 )  was 
l a b e l l e d .  The mass spec tru m  o f  t h i s  m e t a b o l i t e  showed M+ 
a t  264, m .p . 1 1 8 -1 2 0 °  ( l i t .  1 20 -21  °C) ( 2 3 ) .
F e e d in g  o f  ( 2 R S ) - [2 -  0 ] l e u c i n e  to  A n d ro v ra o h is  c u l t u r e s .
C u l tu r e  medium ( 1 .5 1 )  was p r e p a r e d  w hich  c o n ta in e d  
( 2RS)-[ 2 - ^ C ] l e u c i n e  (75mg) and ( 2 S ) - [U -* ^ C ] le u c in e  ( I p  C i ) ,  
and u s e d  to  r e p l a c e  t h e  medium o f  t h r e e - w e e k - o ld  A n d ro g ra p h is
X  - I I .  ■ ■ ll lA .I I  ■. W
c u l t u r e s .  A f t e r  seven  d a y s ,  p a n i c u l i d e  B was i s o l a t e d  and
c r y s t a l l i s e d .  A b so lu te  i n c o r p o r a t i o n  i n t o  r e c r y s t a l l i s e d
p a n i c u l i d e  B (34mg) was 2 .8 ^ .  The s p e c i f i c  i n c o r p o r a t i o n
o f  ( 2 S ) - [ U - ^ G ] l e u c in e  i n t o  p a n i c u l i d e  B was 1 3 Mass
13s p e c t r o s c o p y  f a i l e d  to  d e t e c t  any  i n c o r p o r a t i o n  o f  G. No 
peak  enhancem ents  were r e a d i l y  a p p a r e n t  i n  t h e  NMR sp e c ­
trum  o f  t h e  m a t e r i a l .  The d i a c e t a t e  d e r i v a t i v e  (3 7 )  was
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p r e p a r e d  by t r e a tm e n t  o f  t h e  p a n i c u l i d e  3 (34mg) w i th  a c e t i c  
a n h y d r id e  (0 .2 m l)  i n  d ry  p y r i d in e  (0 .2 m l)  a t  room te m p e r ­
a t u r e  o v e r n i g h t .  W ater (5m l) was th e n  added , and th e  
p ro d u c t  e x t r a c t e d  i n t o  e t h y l  a c e t a t e  (3 x 5 m l) .  P y r i d i n e  was 
t h e n  removed from  th e  o rg a n ic  phase  by w ash ing  w i th  s a t u r ­
a t e d  c o p p e r  s u lp h a te  s o l u t i o n  (3x1 0m l) ,  f o l lo w e d  by w a te r  
(2 * 5 m l) .  A f t e r  d r y in g ,  t h e  s o l u t i o n  was e v a p o r a te d  to  
s m a l l  volume and a p p l i e d  to  a  p r e p a r a t i v e  t . l . c .  p l a t e  
( c h lo ro fo rm -m e th a n o l ,  9 6 :4 ,  v / v ) .  The band ( r ^  0 .5 8 )  
c o r r e s p o n d in g  to  p a n ic u l i d e  B d i a c e t a t e  (37 )  was s c ra p e d  
o f f  and e l u t e d .  The d e r i v a t i v e  m .p . 98 -99 °  ( l i t .  9 8 -9 9 ° )  
(2 3 )  was r e c r y s t a l l i s e d  from  e t h y l  a c e t a t e / h e x a n e .  The U C 
NMR sp e c tru m  was re c o rd e d  i n  CD C l^ s c h e m ic a l  s h i f t ,  a s s i g n ­
m en t;  1 7 2 .8 ,  C -14; 1 7 0 .2 ,  169*8, 0 - 1  o f  a c e t a t e ;  1 5 2 .4 ,  0 - 7 ;  
1 3 2 .9 ,  0 - 2 ;  129*9, 0 - 6 ;  1 2 2 .7 ,  0 - 3 ;  7 4 .7 ,  C -8 ; 6 9 .1 ,  0 - 1 2 ;
6 5 .6 ,  C -15; 5 9 .1 ,  0 -1 1 ;  5 7 .7 ,  0 -1 0 ;  3 2 .7 ,  C -9 ; 2 7 .1 ,  0 - 4 ;
2 5 .7 ,  0 - 1 ;  2 3 .9 ,  0 - 5 ;  2 0 .6 ,  0 -2  o f  a c e t a t e ;  1 7 .7 ,  0 - 1 3 . .
1 ^I n  a  r e p e a t  ex p e r im e n t  u s i n g  once  a g a in  (2 R S )-  [ 2 -  C] 
l e u c i n e  (75mg) and ( 2 S ) - [U -‘L^ 0 ] l e u c i n e  a s  com ponen ts  o f  t h e  
c u l t u r e  medium (15  f l a s k s ) ,  r a d i o a c t i v i t y  was i n c o r p o r a t e d  
o n ly  i n t o  p a n ic u l i d e  A ( 3 . 0 $ ) .  P a n i c u l i d e  A (18mg) was 
i s o l a t e d  and i t s  ^ 0  NMR sp ec tru m  exam ined . The sp e c tru m  
i s  shown i n  f i g u r e  1 and i t s  a s s ig n m e n t  i s  d i s c u s s e d  on 
p7 2 . No i n c o r p o r a t i o n  o f  ~^G i n t o  p a n i c u l i d e  A was d e t e c t ­
ed i n  e i t h e r  t h e  ^ C  sp ec tru m  o r  t h e  m ass sp e c tru m  d e s p i t e  
t h e  s p e c i f i c  i n c o r p o r a t i o n  o f  2 8 .3 $ .
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SECTION 4 
THE EEUCINE AMINO MOTASE REACTION
H N H 2
(1)
0
OH
(2)
C 0 2 H
(3)
C09H
(4)
S e c t io n  4 .
The L eu c in e  Amino Mutase R e a c t io n ,
I n t r o d u c t i o n .
A new d e g r a d a t i v e  pathw ay f o r  l e u c i n e  h a s  r e c e n t l y  
been  d e s c r ib e d  by P o s to n  ( 1 ) .  He fo und  t h a t  t h e  end p r o ­
d u c t s  o f  l e u c i n e  (1 )  f e r m e n ta t i o n  by a  s t r a i n  o f  
C lo s t r id iu m  sporo  genes  w ere  a c e t a t e ,  2 -m e th y l  p ro  p a n o a te  (2 )  
and ammonia. F o rm a tio n  o f  th e  a c i d  (2 )  c a n n o t  be r a t i o n a l ­
i s e d  by th e  p r e v i o u s ly  e s t a b l i s h e d  pa thw ays o f  l e u c i n e  d eg ­
r a d a t i o n .  The p re s e n c e  o f  t h i s  a c i d ,  a lo n g  w i th  t h a t  o f
3 - k e to - 4 - m e th y lp e n ta n o a te  (3 )  s u g g e s te d  t h a t  t h e  i n i t i a l  
d e g r a d a t i v e  s t e p  i n  t h i s  c a s e  may be i s o m e r i s a t i o n  t o  3 -
a m in o -4 -m e th y lp e n ta n o ic  a c id  ( ( 3 - le u c in e )  (4)® When ( 2 S ) -  
r  14oC—LU— C J le u c in e  was in c u b a te d  w i th  a  c e l l - f r e e  e x t r a c t  
from  C l .  s p o ro g e n e s , r a d i o a c t i v i t y  was d e t e c t e d  i n  added  
( 3 R S )- (3 - le u c in e .  S i m i l a r l y ,  when ( 3 R S )-P ~ le u c in e  was i n ­
c u b a te d  w i th  t h e  c e l l - f r e e  sy s tem , cx~leucine c o u ld  be 
d e t e c t e d  by a  c o l o r i m e t r i c  m ethod . T h is  l e u c i n e  2 ,3 -am in o  
m u tase  a c t i v i t y  was shown to  be d e p e n d e n t  on coenzyme 
A d d i t io n  o f  t h e  c o r r i n o i d - b i n d i n g  m u c o p ro te in ,  i n t r i n s i c  
f a c t o r ,  to  r e a c t i o n  m ix tu r e s  c o n t a i n i n g  ( 3R S )-(3~ leuc ine  a s  
s u b s t r a t e  c au se d  a  d e c r e a s e  i n  t h e  amount o f  a - l e u c i n e  
fo rm ed , w h i le  S -a d e n o s y lm e th io n in e  had no a p p r e c i a b l e  
e f f e c t  on t h e  r e a c t i o n .  l e u c i n e  2 ,3 -am in o  m u tase  a c t i v i t y  
was shown to  be w id e ly  d i s t r i b u t e d  i n  mammalian t i s s u e s  
and i n  s e v e r a l  C l o s t r i d i a .
The enzyme was l a t e r  r e p o r t e d  to  be p r e s e n t  i n  b e a n  
s e e d l i n g s  ( 2 ) .  The p r e s e n c e  o f  a  coenzyme B ^ - d e p e n d e n t  
enzyme i n  h i g h e r  p l a n t s  o r  t i s s u e s  d e r iv e d  from  them  i s  
u n p re c e d e n te d .  T here  a r e  two p o s s i b l e  e x p l a n a t i o n s ;
SCHEME 1
c o 2 h  *
NH2 h
c o 2 h
n h 2 H N H 2 H
SCHEME 2
C 0 2H --------»
NH2 H
c o 2 h
n h 2 h
SCHEME 3
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coenzyme may be a c x in g  a s  a  s u b s t i t u t e  f o r  a  n a t u r a l l y  
o c c u r r i n g  c o - f a c t o r .  I t  would n o t  be u n r e a s o n a b le  to  a s ­
sume t h a t  t h i s  s u b s ta n c e  may be d e r iv e d  from  c h l o r o p h y l l ,  
a l t h o u g h  no such  c o - f a c t o r  h a s  e v e r  been  d e s c r i b e d .  More 
p ro b a b ly ,  s in c e  whole p l a n t s  were u se d  i n  t h i s  s tu d y ,  t h e  
enzyme may have  been d e r i v e d ,  n o t  from  th e  p l a n t  t i s s u e ,  
b u t  from  t h e  b a c t e r i a  a s s o c i a t e d  v / i th  i t .
T h ree  coenzyme Bj_ 2 -d e p e n d e n t  amino m u ta se s  have  been 
d e s c r i b e d .  They a l l  c a t a l y s e  m ig r a t i o n  o f  th e o j - a m in o  
g ro u p s  o f  d i f f e r e n t  d iam ino a c i d s .  They a r e  (3 - ly s in e  5 , 6 -  
amino m u ta se , D - a - ly s in e  5 ,6 -am ino  m utase  and o r n i t h i n e  
amino m u ta se , w hich  c a t a l y s e  t h e  r e a c t i o n s  shov/n i n  schem es 
1 ,  2 and 5 r e s p e c t i v e l y .  The two l y s i n e  amino m u tase  en­
zymes have  been  o b ta in e d  i n  h i g h ly  p u r i f i e d  form  (3 )  and 
a  number o f  t h e i r  c o - f a c t o r  r e q u i r e m e n t s  and p r o p e r t i e s  
h av e  been  s t u d i e d .  Both enzymes a r e  r e m a rk a b le  i n  t h e i r  
r e q u i r e m e n t  f o r  an  u n u s u a l ly  l a r g e  number o f  c o - f a c t o r s .
F o r  maximal a c t i v i t y  t h e y  r e q u i r e  co enzyme B1 2 » a  t h i o l ,  
a  m on ova len t  c a t i o n ,  a  d i v a l e n t  c a t i o n ,  a d e n o s in e  t r i p h o s ­
p h a te  and a  c a rb o n y l  compound ( p y r u v a t e  o r  p y r i d o x a l  
p h o s p h a t e ) .  The mechanism o f  t h e s e  r e a c t i o n s  i s  n o t  w e l l  
u n d e r s to o d ,  b u t  i t  h a s  been  s u g g e s te d  t h a t  some o f  t h e  co ­
f a c t o r s  p a r t i c i p a t e  i n  r e a c t i o n s  w h ich  m odify  t h e  enzyme, 
r a t h e r  th a n  b e in g  in v o lv e d  i n  t h e  h y d ro g en  and amino g ro u p  
m i g r a t i o n s  p e r  s e .
I n  t h e  a -  and (3 -ly s ine  5 ,6 -am in u  m u tase  r e a c t i o n s ,  a  
h y d ro g en  a b s t r a c t e d  from  C-5 o f  t h e  amino a c i d  r e p l a c e s  
t h e  amino g roup  w hich  m ig r a t e s  from  C-6 to  C -5 .  When co ­
enzyme B j2> s p e c i f i c a l l y  t r i t i a t e d  a t  t h e  5 1-m e th y le n e  
p o s i t i o n  o f  t h e  5 ‘-d e o x y a d e n o s y l  m o ie ty ,  i s  u s e d  a s
c o 2 h
h 2
co2h
SCHEME 4
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c o - f a c t o r ,  l a b e l  i s  t r a n s f e r e d  to  C-6 o f  t h e  p ro d u c t  i n  
b o th  c a s e s  ( 4 , 5 ) .  I n  t h e  [3 - ly s ine  5 ,6 -am in o  m utase  r e a c t ­
i o n  i t  h a s  been  shown (5 )  t h a t  (3 - ly s in e ,  r e - i s o l a t e d  a f t e r  
i n c u b a t i o n  w i th  t r i t i a t e d  coenzyme, c o n t a i n s  l a b e l  a t  C-5 
and t h a t  t h e  l a b e l l e d  atom o c c u p ie s  t h e  same d i a s t e r e o -  
t o p i c  p o s i t i o n  a s  t h e  hydrog en  atom w hich  i s  t r a n s f e r e d  to  
C-6 o f  t h e  p r o d u c t .  The r o l e  w hich  coenzyme B^ p l a y s  i n  
t h e  m ig r a t i o n s  c a t a l y s e d  by a  number o f  enzymes h a s  been  
re v ie w e d  ( 6 ) .
L y s in e  2 ,5 -am in o  m utase  c a t a l y s e s  t h e  f o r m a t io n  o f  
(3- l y s i n e  a s  shown i n  scheme 4* A lth o u g h  i t  s u p e r f i c i a l l y  
r e s e m b le s  t h e  a c t i o n  o f  l e u c i n e  2 ,5 -am in o  m u ta se ,  t h e  
l y s i n e  enzyme i s  n o t  d ep en d en t  on coenzyme B ( 7 ) .  The 
enzyme, w hich  h a s  been p u r i f i e d  to  h o m o g en e ity ,  r e q u i r e s  
p y r i d o x a l  p h o sp h a te  a s  c o - f a c t o r  and i s  a c t i v a t e d  by  
S -a d e n o s y lm e th io n in e ,  su p p o se d ly  an  a l l o s t e r i c  e f f e c t o r .  
The mechanism o f  t h e  r e a c t i o n  i s  n o t  known, b u t  i t  h a s  
b een  shown t h a t  hydrog en  from  w a te r  i s  n o t  i n c o r p o r a t e d  
i n t o  l y s i n e  o r  (3 - ly s in e  d u r in g  t h e  . amino m u tase  r e a c t i o n .
A r e v ie w  i s  a v a i l a b l e  d e a l i n g  w i th  t h e  enzymes o f  l y s i n e  
m e ta b o l ism  ( 8 ) .
(6)
■^\^C02H
n h 2
(D
NHo
c o 2 h
(4)
Y CHO (c o 2h+ c o 2 h
NH^ OH
n h 2
(4)
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D i s c u s s io n .
D oub ts  rem a in  a b o u t  P o s t o n ’ s work (2 )  on t h e  coenzyme 
B i2"“^ e Pend e n t  enzyme l e u c i n e  2 ,3 -am in o  m utase  i n  p l a n t s  b e ­
c a u s e  o f  t h e  n o n - s t e r i l i t y  o f  t h e  p l a n t  m a t e r i a l  u s e d .
T h is  enzyme c a t a l y s e s  r e v e r s i b l e  amino g rou p  m ig r a t i o n  o f  
a - l e u c i n e  (1 )  to  g iv e  p - l e u c in e  ( 4 ) .  I t  seemed to  u s  w o r t h - .  
Y/hile to  lo o k  f o r  such  enzymic a c t i v i t y  i n  a  t i s s u e  c u l t u r e  
d e r i v e d  sys tem  w hich  h a s  th e  a u to m a t ic  a d v a n ta g e  o f  b e in g  
s t r i c t l y  s t e r i l e .
Racemic p - l e u c i n e  ( 3 - a m in o -4 -m e th y lp e n ta n o ic  a c i d )  (4 )  
was s y n t h e s i s e d  by t h e  r o u t e  shown i n  scheme 5• M alon ic  
a c i d  (5 )  was condensed  (9 )  w i th  2 -m e th y lp ro p a n a l  ( 6 )  i n  
p y r i d i n e  to  g iv e  4 - m e th y lp e n t - 2 - e n o ic  a c i d  (7 )  i n  m o d e ra te  
y i e l d .  A d d i t io n  o f  ammonia i n  t h e  e x p e c te d  s e n s e  v/as t h e n  
e f f e c t e d  by h e a t i n g  t h e  a c id  (7 )  i n  a  s e a l e d  tu b e  w i t h  con­
c e n t r a t e d  aqueous ammonia a t  1 1 0 °-1 2 0 °0  f o r  t h r e e  d a y s  t o  
y i e l d  (3 R S ) - P - le u c in e  ( 4 ) .
( 2S )- a - [ U - ^ C ] l e u c i n e  was in c u b a te d  v / i th  t h e  A n d ro g ra p h is  
c e l l - f r e e  system  and coenzyme B12 i n  i k e  p r e s e n c e  o f  u n ­
l a b e l l e d  ( 3 R S ) - P - le u c in e .  A f t e r  p a s s a g e  o f  t h e  i n c u b a t i o n  
m ix tu re  th ro u g h  a  Dowex 50 c a t i o n  exchange  colum n, r a d i o ­
s c a n n in g  o f  t h i n  l a y e r  ch rom atogram s o f  t h e  f i r s t  t h r e e  
r a d i o a c t i v e  f r a c t i o n s  e lu te d  from  t h e  column l o c a t e d  r a d i o ­
a c t i v i t y  i n  t h e  band c o r r e s p o n d in g  to  p - l e u c i n e .  The io n  
exchange  column d oes  n o t  c o m p le te ly  s e p a r a t e  a -  and p -  
l e u c i n e ,  so t h a t  t h e  f r a c t i o n s  c o n t a i n  a p p ro x im a te ly  e q u a l  
am ounts o f  r a d i o a c t i v i t y  i n  t h e  two amino a c i d s .  The i n ­
c o r p o r a t i o n  o f  ( 2S)-o:-[U“--1-^0 ] l e u c i n e  i n t o  P - l e u c i n e  was 
~ 0 .4 $ .  No r a d i o a c t i v e  p - l e u c i n e  c o u ld  be d e t e c t e d  i n  a  
c o n t r o l  e x p e r im e n t  u s i n g  b o i l e d  e x t r a c t .  T hus, l e u c i n e
V H2
c o 2 h
h k  ,'N
c o 2h
H s^-NPhth  
*  ^  CO Cl
(8) (9)
H >^-'N H 2 H\..-NPhth
CO f^ H f
(14) (13)
o 0n
n- c o c h 2 c h 3
(10)
(11)
h k  -N P h t h  
•CHN
(12)
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2 , 3-am ino m utase  a c t i v i t y  a p p e a r s  to  be p r e s e n t  i n  t h e  
c e l l - f r e e  e x t r a c t  from  A n d ro g ra p h is  t i s s u e .  T h is  c o n f i r m s  
t h a t  t h e  enzyme can  be p roduced  by p l a n t  t i s s u e .
The l e u c i n e  2 ,3 -am ino  m utase  r e a c t i o n  r a i s e s  s e v e r a l  
s t e r e o c h e m ic a l  q u e s t i o n s :  ( a )  which e n a n t io m e r  o f  cc~leucine 
a c t s  a s  s u b s t r a t e ;  (b )  which e n a n t io m e r  o f  p ~ le u c in e  i s  t h e  
p r o d u c t ;  ( c )  i s  t h e r e  i n v e r s i o n  o r  r e t e n t i o n  o f  c o n f i g u r ­
a t i o n  a t  C-2 and a t  0 -3  d u r in g  t h e  r e a c t i o n ?  Q u e s t io n  (b )  
h a s  been  answ ered  d e f i n i t i v e l y  i n  t h e  f o l lo w in g  way.
C h i r a l  p - l e u c in e  was p re p a re d  from  ( 2 S ) - v a l i n e  (8 )  by 
A r n d t - E i s t e r t  h o m o lo g a t io n ,  e s s e n t i a l l y  a s  d e s c r i b e d  by 
B a le n o v ic  ( 1 0 ) ,  a s  shown i n  scheme 6 . The p r o t e c t e d  d e r i v ­
a t i v e  ( 2 S ) - N - p h th a lo y lv a l in e  (9 )?  p r e p a r e d  by r e a c t i o n  (1 1 )  
o f  ( 2 S ) - v a l i n e  (8 )  w i th  N - c a rb o e th o x y p h th a l im id e  (1 C ) ,  was 
c o n v e r t e d  to  t h e  a c id  c h l o r i d e  (1 1 )  by t r e a t m e n t  w i th  
t h i o n y l  c h l o r i d e .  The d ia z o k e to n e  ( 1 2 ) ,  p r e p a r e d  by  r e a c t ­
i o n  o f  t h e  a c id  c h l o r i d e  w i th  d ia z o m e th a n e ,  t h e n  u n d e rw en t  
W o lff  r e a r r a n g e m e n t  w i th  r e t e n t i o n  o f  c o n f i g u r a t i o n  (1 2 )  
i n  a q u eo u s  d io x an e  i n  th e  p re s e n c e  o f  s i l v e r  o x id e  t o  g iv e  
( 3 S ) - N - p h t h a l o y l - p - l e u c i n e  ( 1 3 ) .  Removal o f  t h e  N - p h th a lo y l  
p r o t e c t i n g  group  w i th  h y d r a z in e  (1 3 )  t h e n  gave  ( 3 S ) - p - l e u c i n e
(1 4 ) •
A method f o r  t h e  r e s o l u t i o n  o f  r a c e m ic  p - l e u c i n e  was 
t h e n  d e v e lo p ed  based  on t h e  g as  c h ro m a to g ra p h ic  s e p a r a t i o n  
(1 4 )  o f  a  s e r i e s  o f  N - a c y l - p - l e u c in e  m e th y l  e s t e r s  (15 )»
The d e r i v a t i v e s  were form ed by F i s c h e r  e s t e r i f i c a t i o n  o f  t h e  
f r e e  amino a c id  w i th  hydrogen  c h l o r i d e  i n  d ry  m e th a n o l ,  
f o l lo w e d  by r e a c t i o n  o f  t h e  m e th y l  e s t e r  h y d r o c h l o r i d e  ( 1 6 ) 
w i th  t h e  a p p r o p r i a t e  o p t i c a l l y  a c t i v e  a c i d  c h l o r i d e  (1 7 )  
i n  d ry  p y r i d i n e .  The r e s u l t s ,  w hich  a r e  g iv e n  i n  t a b l e  1 ,
T able 2«
R e te n t i o n  i n d i c e s  o f  a n d - l e u c i n e  m e th y l  e s t e r  
cam phanam ides on 1% OV 210 a t  1 70 °C.
I
( 2R )-< x-leuc ine  2545
( 2 S ) - t t - l e u c i n e  2580
( 3 S ) ~ p - l e u c in e  2610
( 3 R ) - p - l e u c i n e  2630
0
c=o
(18 )  = (15),R=a
(14)
Figure 1 Gas Liquid Chromatography of (3-Leucine Biosynthesised 
from (28) -[ IT- Cj Leucine Vfo 0Y210 at 170°
Lower trace marks radioactivity
X c° 2h
H NhU
COoH
o2h
n h 2 h
c o 2h
c h 2r
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show t h a t  t h e  b e s t  r e s o l u t i o n  o f  (3- l e u c i n e  i s  o b t a in e d  
when th e  m ethy l e s t e r  camphanamide (1 8 )  i s  ch ro m a to ­
g rap h ed  on lfo 07 210. The u s e  o f  t h i s  d e r i v a t i v e  a l lo w e d  
t h e  c l e a r  c h ro m a to g ra p h ic  r e s o l u t i o n  o f  ( 2 R ) - a - l e u c i n e ,
( 2 S ) - a - l e u c i n e ,  ( 3 S ) - (3-leucine and ( 3 R ) - (3 - le u c in e .  The 
r e t e n t i o n  i n d i c e s  o f  th e  f o u r  d e r i v a t i v e s  a r e  g iv e n  i n  
t a b l e  2. The p eak s  were i d e n t i f i e d  by p r e p a r a t i o n  o f  d e ­
r i v a t i v e s  from  (2R)~ and ( 2 S ) - a - l e u c i n e  and from  (3S)-(3~ 
l e u c i n e  ( 1 4 ) ,  w hich  was p re p a re d  a s  d e s c r i b e d  above*
When th e  m e th y l  e s t e r  camphanamide d e r i v a t i v e  o f
P - l e u c i n e ,  w hich  had been b i o s y n t h e s i s e d  from  ( 2 S ) - « -  
r 14[U -  C ] l e u c in e ,b y  t h e  c e l l - f r e e  sy s tem , was exam ined by 
r a d i o - g . l . c . , r a d i o a c t i v i t y  was found  i n  t h e  peak  
c o r r e s p o n d in g  to  ( 3 S ) - P - l e u c i n e ,  a s  shown i n  f i g u r e  1*
T here  was no e v id e n c e  o f  r a d i o a c t i v i t y  i n  ( 2 R ) - « - l e u c in e ,  
i n d i c a t i n g  t h a t  r a c e m i s a t i o n ,  i f  i t  o c c u r s ,  d o e s  n o t  l e a d  
t o  a c c u m u la t io n  o f  t h i s  enan tio m er*  Thus t h e  a b s o l u t e  
s t e r e o c h e m i s t r y  o f  (3 - leu c ine  p roduced  i n  t h e  A n d ro g ra p h is  
c e l l - f r e e  sys tem  i s  (3S) a s  shown i n  (M ) *  T h is  e x p e r i ­
ment d o es  n o t  i n d i c a t e  w hich  e n a n t io m e r  o f  a - l e u c i n e  i s  
t h e  s u b s t r a t e  f o r  t h e  enzyme. T h is  p o i n t  c o u ld  be e s t a b -
rz
l i s h e d  by th e  i n c u b a t i o n  o f  ( 2 S ) - a - [ 2 ~  H U l e u c i n e .  I f  t h e
(2 S ) e n a n t io m e r  i s  t h e  s u b s t r a t e ,  l a b e l  sh o u ld  be r e t a i n e d  
i n  t h e  (3 - leu c in e  p ro d u c t ,  w h i le  i f  t h e  (2R) e n a n t io m e r  w ere  
i n v o lv e d ,  l a b e l  would be l o s t  a c c o rd in g  to  t h e  a c c e p te d  
r a c e m i s a t i o n  mechanism v i a  c o n d e n s a t io n  o f  t h e  amino a c i d  
w i th  p y r id o x a l  p h o sp h a te  and su b s e q u e n t  a ld i m in e - k e t i m i n e  
i n t e r c o n v e r s i o n  ( scheme 7) •
The r e v e r s e  r e a c t i o n  h a s  a l s o  been  d e m o n s tra te d *  When 
(3 R S )-  (3-leucine  i s  in c u b a te d  w i th  t h e  c e l l - f r e e  sys tem ,
T a b le  3*
D ependence o f  « - l e u c i n e  p r o d u c t i o n  on amount o f  
|8 - l e u c in e  u s e d .
p - l e u c i n e  s u b s t r a t e  
( yw-mole)
0 . 5
2 .0
3 .0
o c - le u c in e  fo rm ed  
( a r b i t r a r y  u n i t s )  
0 .0 4 2  
0 .0 6 1  
0 .0 7 8
C o f a c t o r  dep en d en ce  o f  l e u c i n e  2 ,3 -am in o  m u ta se  r e a c t i o n .
C o f a c t o r s : FAD (0.5jwM), coenzyme A (0.5mM ), NAD (0.5mM ), 
p y r i d o x a l  p h o s p h a te  (0.5mM ).
A d d i t io n  Amount o f  o c - le u c in e  form ed ( a r b i t r a r y  u n i t s )
E x p e r im e n t  ( 1 )  E x p e r im e n t  ( 2 )
0 .0 9 8  0 .0 7 7
0 .0 4 6  0 .0 7 1
0 .1 2 4  0 .1 0 6
0 .0 3 5  0 .0 9 1
none
4mM co enzyme B-^ 
0.5mM SAM
0.5mM SAM+4mM 
coenzyme B^p
A d d i t io n
none
4mM co enzyme B-^ 
ling. IF
4mM co enzyme B-, 9 
+IF
Amount o f  o ( - le u c in e  form ed ( a r b i t r a r y  u n i t s )  
E x p e r im e n t  ( 1 )  E x p e r im e n t  ( 2 )
0 .0 8 7  0 .1 2 5
0 .0 5 1  0 .0 9 4
0 .2 8 1  0 .2 4 8
0 .1 0 2  0 .1 4 3
SAM d e n o te s  S - a d e n o s y lm e th io n in e ;  IF  d e n o te s  i n t r i n s i c  f a c t o r .
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o c -le u c in e  can  be d e t e c t e d .  The amount o f  a - l e u c i n e  p ro ­
duced  by t h e  c e l l - f r e e  system  i s  e a s i l y  m easured  by a  
n i n h y d r in  m ethod, s i n c e  p - l e u c i n e  d o es  n o t  r e a c t  w i th  
n in h y d r in  u n d e r  t h e  c o n d i t i o n s  o f  t h e  a s s a y  ( 1 ) .  As shown 
i n - t a b l e  3 ,  t h e  amount o f  a - l e u c i n e  p ro du ced  d e p en d s  on 
t h e  amount o f  P - l e u c in e  u s e d .
Up to  t h i s  p o i n t ,  t h e  o n ly  c o - f a c t o r  w hich  was added 
t o  t h e  i n c u b a t i o n  was coenzyme e s t a b l i s h e d
t h a t  t h e  n i n h y d r in  a s s a y  i s  s u i t a b l e  f o r  t h e  m easurem ent 
o f  l e u c i n e  2 ,3 -am ino  m utase  a c t i v i t y ,  t h e  c o - f a c t o r  depend­
ence  o f  t h e  enzyme was i n v e s t i g a t e d .  The r e s u l t s  a r e  
shown i n  t a b l e  4 ,  A d d i t io n  o f  co enzyme i*1e in c u ­
b a t i o n  a p p e a r s  to  s u p p r e s s  f o r m a t io n  o f  a - l e u c i n e ,  w h i l e  
a d d i t i o n  o f  th e  c o r r i n o i d - b i n d i n g  m u c o p ro te in ,  i n t r i n s i c  
f a c t o r ,  m ark ed ly  e n h an ces  i t s  f o r m a t io n .  Thus coenzyme 
B^2 a p p e a r s  to  be i n h i b i t o r y  t o  t h e  l e u c i n e  2 ,3 -am in o  
m u tase  r e a c t i o n  i n  A n d ro g ra p h is  c e l l - f r e e  e x t r a c t .  T here  
i s  a  s l i g h t  s t i m u l a t i o n  o f  a c t i v i t y  on a d d i t i o n  o f  
S -a d e n o s y lm e th io n in e ,  The depend en ce  o f  t h e  coenzyme on 
o t h e r  c o - f a c t o r s  h a s  n o t  y e t  been  t e s t e d .  The l e u c i n e
2 ,3 -am in o  m utase  a c t i v i t y  o f  A n d ro g ra p h is  c e l l - f r e e  
e x t r a c t  d oes  n o t  a p p e a r  to  re s e m b le  t h a t  r e p o r t e d  by  
P o s to n  ( 1 , 2 )  and may be more l i k e  l y s i n e  2 ,3 -am in o  m u tase  
w h ich  i s  d ep en d en t on p y r id o x a l  p h o s p h a te  and 
S - a d e n o s y lm e th io n in e  ( 7 ) •
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E x p e r im e n ta l .
Pr e p a r a t i o n  o f  4 - m e th y l - 2 - e n o ic  a c i d  ( 1 ) .
M alonic a c id  ( 1 5 ,6 g ,  O .156m ole) was d i s s o l v e d  i n  d ry  
p y r i d i n e  (1 5 m l) ,  The s o l u t i o n  was c o o le d  to  0°C and 2 -  
m e th y lp ro p a n a l  ( 1 0 .8 g ,  0 ,1 5 m o le )  was s lo w ly  ad d ed . The 
m ix tu re  was l e f t  t o  s t a n d  f o r  t h r e e  h o u r s  and th e n  r e f l u x e d  
o v e r n i g h t .  The s o l u t i o n  was pou red  i n t o  d i l u t e  h y d r o c h l o r ­
i c  a c id  (50m l) and i c e .  The o i l y  u p p e r  l a y e r  was removed 
and th e  aqueou s  phase  was e x t r a c t e d  w i th  e t h e r  (2 x 5 0 m l) ,
The o r g a n ic  s o l u t i o n s  were combined w i th  t h e  o i l y  m a t e r i a l  
and e x t r a c t e d  w i th  d i l u t e  h y d r o c h lo r i c  a c id  (4 x 5 0 m l) ,  s a t u ­
r a t e d  c o p p e r  s u lp h a te  s o l u t i o n  (2x50m l) and w a te r  (4 x 5 0 m l) .  
The s o l u t i o n  was d r i e d  o v e r  an h y d ro u s  sodium s u l p h a t e  and 
t h e  s o l v e n t  was e v a p o ra te d  u n d e r  re d u c e d  p r e s s u r e ,  l e a v i n g  
4 - m e th y lp e n t - 2 - e n o ic  a c id  a s  a  c l e a r  v i s c o u s  o i l  ( 6 . 3 g ,
55fo y i e l d ) .  IR v(max) 3100 ( b r o a d ) ,  1700cm \
1 3 R S L 2  - a m in o -4 -m e th y lp e n ta n o ic  a c i d  ( P - l e u c i n e )  ( J j .
4 - M e th y l - 2 -p e n te n o ic  a c id  (5 g ,  0 .0 4 4 m o le )  was m ixed 
w i t h  c o n c e n t r a t e d  ammonium h y d ro x id e  s o l u t i o n  (25m l) and 
h e a t e d  i n  6 s e a le d  tu b e s  a t  1 1 0 -1 2 0 °C f o r  s e v e n ty - tw o  h o u r s .  
A f t e r  c o o l i n g ,  t h e  tu b e s  w ere opened and t h e  c o n t e n t s  r e ­
moved, W ater was removed u n d e r  re d u c e d  p r e s s u r e  and t h e  
r e s u l t i n g  o i l  was l e f t  a s i d e  to  c r y s t a l l i s e .  The p ro d u c t  
was r e c r y s t a l l i s e d  from  m e t h a n o l - e th e r .  The y i e l d  o f  (3 R S )-  
p - l e u c i n e  was 2 .3 g  (40/Q m .p . 198-199°G ( l i t e r a t u r e  1 97 °)  
(1 ).
I n c u b a t io n  o f  ( 2 S ) - a - [ U - ^ ^ 0 l l e u c in e  
w i th  t h e  c e l l —f r e e  sy s ie n u
The c e l l - f r e e  e x t r a c t  from  p a n i c n l a t a  c u l t u r e s  was 
p re p a re d  a s  p r e v i o u s ly  d e s c r i b e d  ( p 2 6 ) .  The i n c u b a t i o n
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m ix tu re  c o n ta in e d  c e l l - f r e e  e x t r a c t  ( 0 .8 m l ) ,  ( 2 S ) -a - [U -14' 0 ] 
l e u c i n e  ( 5 pCi, 10 p m o le ) ,  ( 3R S ) - p - l e u c in e  ( 10^ m ole) and 
coenzyme Bj_2 (4-H- mole) i n  a  f i n a l  volume o f  1m l, A f t e r  
o v e r n ig h t  a n a e r o b ic  i n c u b a t i o n  i n  t h e  d a rk ,  t h e  r e a c t i o n  
was t e r m in a t e d  by a d d i t i o n  o f  20 fo p e r c h l o r i c  a c i d  ( 0 , 1m l) ,  
D e n a tu re d  p r o t e i n  was removed by c e n t r i f u g a t i o n  and t h e  
s u p e r n a t a n t  was a p p l i e d  to  a  column o f  a  Dowex 50 io n  ex­
change  r e s i n  i n  t h e  H+ fo rm . The column was washed w i t h
0.3M h y d r o c h l o r i c  a c id  (5 0 m l) ,  t h e n  w i th  w a te r  u n t i l  no 
c h l o r i d e  c o u ld  be d e t e c t e d ,  and t h e  amino a c i d s  e l u t e d  w i th  
2.0M ammonium h y d r o x id e .  F r a c t i o n s  (3m l) w ere  c o l l e c t e d  
and r a d i o a c t i v i t y  m o n ito re d  i n  e a c h .  The f i r s t  3 r a d i o ­
a c t i v e  f r a c t i o n s  ( 6 ,7  and 8 ) w ere fou nd  to  c o n t a i n  
a p p ro x im a te ly  e q u a l  am ounts o f  r a d i o a c t i v i t y  i n  a -  and P- 
l e u c i n e ,  w h i le  l a t e r  f r a c t i o n s  c o n ta in e d  o n ly  a - l e u c i n e .  
F r a c t i o n s  were a n a ly s e d  by t . l . c .  o v e r  a lu m in a  (Merk ^ 5 4  
Type T, 20x20cm p r e - c o a t e d  p l a t e s )  ( p ropan-l-o l-N H ^O H , 3 : 1 ,  
v /v ) ,  and t h e  amount o f  r a d i o a c t i v i t y  i n  each  o f  t h e  i s o m e rs  
was e s t im a te d  by r a d i o - s c a n n i n g  o f  t h e  p l a t e s .  B o th  amino 
a c i d s  can  be v i s u a l i s e d  u s i n g  a  s p r a y  c o n t a i n i n g  n i n h y d r in  and - 
h y d r i n d a n t i n ,  w h i le  i f  n in h y d r in  i s  u se d  a l o n e ,  o n ly  a -  
l e u c i n e  g iv e s  a  c o lo u re d  s p o t  ( a - l e u c i n e  r ^  0 , 1 4 ,  P - l e u c i n e  
r ^  0 . 2 4 ) .  The i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  i n t o  P - l e u c i n e  
was 0 . 4 /£*
S y n t h e s i s  o f  ( 2S ) - N - p h th a lo y l v a l i n e  (9„).
(2 S )  - V a l in e  ( 2 .9 3 g ,  0 .0 2 5 m o le )  and sodium c a r b o n a te  d e -  
c a h y d r a t e  ( 7 *15g , 0 .0 2 5 m o le )  were d i s s o l v e d  i n  w a te r  ( 45m l) ,  
and N - c a rb o e th o x y p h th a l im id e  ( 5 . 48g, 0 .0 2 5 m o le )  was ad d ed , 
and t h e  m ix tu re  was s t i r r e d  a t  room t e m p e r a tu r e  f o r  two 
h o u r s .  A f t e r  b r i e f  h e a t i n g  to  40°C, t h e  s o l u t i o n  was c o o le d
and c a r e f u l l y  a c i d i f i e d  w i th  d i l u t e  h y d r o c h l o r i c  a c i d .
A f t e r  s t a n d in g  a t  0°G f o r  t h r e e  d a y s ,  t h e  p r e c i p i t a t e d  
p ro d u c t  had n o t  s o l i d i f i e d .  The aqueous phase  was d e c a n te d  
and th e  o i l  was d i s s o l v e d  i n  a  minimum q u a n t i t y  o f  s a t u r a t e d  
sodium hy d rogen  c a r b o n a te  s o l u t i o n  and e x t r a c t e d  w i th  e t h e r  
(2 x 2 0 m l) .  T ra c e s  o f  e t h e r  w ere  removed from  t h e  aq ueous 
s o l u t i o n  by s t i r r i n g  u n d e r  re d u c e d  p r e s s u r e  a t  room tem­
p e r a t u r e  f o r  one h o u r .
The s o l u t i o n  was th e n  c a u t i o u s l y  r e - a c i d i f i e d  w i th  
v ig o r o u s  s t i r r i n g  and a  few seed  c r y s t a l s  w ere a d d e d .  The 
p r o d u c t ,  ( 2 S ) - N - p h th a lo y lv a l in e  ( 9 ) ,  was f i l t e r e d  o f f  a f t e r  
s t a n d in g  f o r  t h i r t y  m in u te s  a t  0 ° 0 .  The y i e l d  was 5*18g 
( 84$ ) ,  m .p .  116° ( l i t e r a t u r e  116°)5  [ a ] ^ p = - 6 8 . 5° ( e t h a n o l )  
( l i t e r a t u r e  - 69° )  ( 1 5 ) .
S y n t h e s i s  o f  ( 3 S ) - p - l e u c i n e  (14-)*
( 2 S ) - N - P h t h a l o y l v a l in e  (617mg, 2.5m m ole) was h e a te d  
a,t 60°G w i th  t h i o n y l  c h l o r i d e  (3m l) f o r  t h i r t y  m in u te s .  
E x c e ss  t h i o n y l  c h l o r i d e  was removed i n  vacuo and t h e  s o l i d  
r e s i d u e  was d i s s o l v e d  i n  d ry  e t h e r  ( 1 0 m l) .  The s o l u t i o n  
o f  a c id  c h l o r i d e  was s lo w ly  added to  a  s t i r r e d  e t h e r e a l  
s o l u t i o n  o f  d iazo m e th an e  (5m m o le ) .  A f t e r  s t i r r i n g  o v e r ­
n i g h t ,  t h e  e t h e r  was removed to  g iv e  t h e  d ia z o k e to n e  ( 1 2 ) 
a s  a  y e l lo w  o i l  w hich  was n o t  f u r t h e r  p u r i f i e d .  The d i a z o ­
k e to n e  was d i s s o l v e d  i n  d io x a n  ( 5ml) and added d ro p w ise  to  
a  s t i r r e d  s u s p e n s io n  o f  f r e s h l y  p re p a re d  s i l v e r  o x id e  
(250mg) i n  w a te r  ( 10ml) c o n t a i n i n g  sodium t h i o s u l p h a t e  
(250m g). A f t e r  s t i r r i n g  a t  60°C f o r  one h o u r ,  more s i l v e r  
o x id e  and sodium t h i o s u l p h a t e  (lOOmg eac h )  w ere added and 
t h e  m ix tu r e  was s t i r r e d  f o r  a  f u r t h e r  two h o u r s .  S i l v e r  
o x id e  was removed by f i l t r a t i o n  th r o u g h  a  bed o f  c e l i t e
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w h ich  was washed w i th  h o t  d io x a n .  The o r g a n ic  s o l v e n t  was 
e v a p o r a te d  u n d e r  red u c ed  p r e s s u r e  and t h e  aq u eo u s  r e s i d u e  
was p a r t i t i o n e d  betw een e t h e r  and sodium h y d ro g en  c a r b o n a te  
s o l u t i o n .  The aqueous s o l u t i o n  was e x t r a c t e d  w i th  e t h e r ,  
a c i d i f i e d ,  and t h e  p ro d u c t  e x t r a c t e d  i n t o  e t h e r .  A f t e r  
d r y i n g  t h e  s o l u t i o n ,  t h e  s o l v e n t  was e v a p o r a te d  to  y i e l d  
( 3 S ) - N ~ p h th a lo y l - p ~ le u c in e  (313mg, 45#) a s  a  v i s c o u s  gum.
Removal o f  t h e  p h t h a l o y l  p r o t e c t i n g  g roup  was e f f e c t e d  
by  s t i r r i n g  ( 3 S ) - N - p h t h a l o y l ~ p - l e u c i n e  (313mg, 1,2m m ole) 
w i t h  60# aq ueous  h y d r a z in e  a t  room t e m p e r a tu r e  f o r  t h r e e  
d a y s .  The r e a c t i o n  m ix tu re  was b a s i f i e d  w i t h  a  s m a l l  
amount o f  ammonium h y d ro x id e  and a p p l i e d  to  a  column o f  
Dowex 1 a n io n  exchange r e s i n  ( f o r m a te  f o r m ) .  The colum n 
was t h r o u g h ly  washed w i th  d i s t i l l e d  w a te r ,  and t h e  amino 
a c i d  was e l u t e d  w i th  1M fo rm ic  a c i d  (2 0 m l) ,  A f t e r  e v a p o r ­
a t i o n  u n d e r  re d u c e d  p r e s s u r e  t o  a  s m a l l e r  volum e, t h i s  
s o l u t i o n  was a p p l i e d  to  a  column o f  low ex 50 (H+ f o r m ) .
The column was th r o u g h ly  washed w i th  d i s t i l l e d  w a t e r ,  and 
(3 R S )-p  - l e u c i n e  was e l u t e d  w i th  2M ammonium h y d ro x id e  
( y i e l d  60mg, 3 8 # ) ;  m ,p , 198-199°*
P r e p a r a t i o n  o f  p - le u c in e  m e th y l e s t e r  amide d e r i v a t i v e s .
S m all  sam ples  ( ~2mg) ( 3 R S ) - p - l e u c in e  w ere  d i s s o l v e d  i n  
d r y  m e th an o l  (2m l) and d ry  hy d ro g en  c h l o r i d e  was p a s s e d  
th r o u g h  t h e  s o l u t i o n  a t  40°G f o r  tw e n ty  m in u te s .  A f t e r  
s t a n d i n g  a t  40°0 f o r  a  f u r t h e r  t h r e e  h o u r s ,  a l l  t r a c e  o f  
s o l v e n t  was removed i n  v a c u o » The r e s i d u e  was d i s s o l v e d  
i n  a  sm a l l  amount o f  d ry  p y r i d in e  and t h e  a p p r o p r i a t e  a c i d  
c h l o r i d e  (2mg) was ad d ed , A f t e r  f i f t e e n  m in u te s  a t  room 
t e m p e r a t u r e ,  t h e  r e a c t i o n  m ix tu re  wa.s warmed to  ~80°C and 
p y r i d i n e  was removed i n  a  s t re a m  o f  n i t r o g e n .  The r e s i d u e
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v/as th e n  d i s s o l v e d  i n  e t h y l  a c e t a t e  ( lm l )  and exam ined by 
g . l . c .  on v a r i o u s  columns# The r e s u l t s  o b t a in e d  f o r  a  v a r ­
i e t y  o f  d e r i v a t i v e s  a r e  g iv e n  i n  t a b l e  1 ,  p91 . The most 
s a t i s f a c t o r y  r e s u l t  was o b ta in e d  when ( - )  cam phanoyl c h l o r ­
i d e  was u sed  a s  t h e  c h i r a l  r e s o l v i n g  ag en t#  The i n d i v i d u a l  
e n a n t io m e rs  o f  b o th  a -  and P - l e u c in e  v/ere s e p a r a b l e  by t h i s  
method ( t a b l e  2, p 9 2 ) .
When t h e  m ethy l e s t e r  camphanamide d e r i v a t i v e s  p r e p a r e d  
from  m a t e r i a l  c o n t a i n i n g  - l e u c i n e ,  v/hich had been  b i o ­
s y n t h e s i s e d  by t h e  c e l l - f r e e  sys tem  from  ( 2S )-[U - 'L^ C ] l e u c i n e  
( lO p C i,  0 . 2 f o  i n c o r p o r a t i o n ) ,  was exam ined by a  r a d i o - g . l . c .  
on  1  fo OV 210 a t  170°C ( o p e r a t i n g  i n  t h e  m ode), o n ly  
( 2 S ) - a - l e u c i n e  and ( 3 S ) - P - l e u c i n e  were fou nd  to  be r a d i o ­
a c t iv e #  Thus, t h e  p ro d u c t  o f  t h e  l e u c i n e  amino m u tase  
r e a c t i o n  i s  ( 3 S ) - P - l e u c i n e  ( f i g u r e  1 , p9 2 ) .
F o rm a tio n  o f  a - l e u c i n e  from p - l e u c in e .
The c e l l - f r e e  e x t r a c t  ( 0 .8 m l ) ,  c o n t a i n i n g  coenzyme B 
(4 p  m ole) a s  t h e  o n ly  c o f a c t o r ,  was in c u b a te d  w i th  v a r i o u s  
am ounts o f  ( 3 R S )-P ~ le u c in e  ( 0 . 5 ,  2 .0  o r  3 . Op m ole , f i n a l  
volume lm l)  a s  p r e v i o u s ly  d e s c r i b e d .  The amount o f  P~ 
l e u c i n e  p roduced  was d e te rm in e d  by t h e  n i n h y d r in  a s s a y  
a c c o r d in g  to  Rosen ( 1 6 ) .  O p t i c a l  d e n s i t y  was d e te rm in e d  
on  a  P e r k in  E lm er 550 s p e c t r o p h o to m e te r  i n  1mm c e l l s  a t  
570pm. Under t h e  c o n d i t i o n s  o f  t h e  a s s a y ,  p - l e u c i n e  g i v e s  
o n ly  a  v e ry  p o o r  c o lo u r  y i e l d  ( 1 ) .  A llow ance  was made f o r  
t h e  c o n t r i b u t i o n  o f  p - l e u c in e  and endogenous c o lo r o g e n ic  
m a t e r i a l  by s u b t r a c t i o n  o f  a  b la n k  v a lu e  w h ich  was d e t e r ­
mined from  an  a l i q u o t  t a k e n  im m e d ia te ly  a f t e r  m ix in g  t h e  
s u b s t r a t e  w i th  t h e  enzyme sy s te m . The r e s u l t s ,  v/hich a r e  
shown i n  t a b l e  3 ,  a r e  g iv e n  a s  t h e  d i f f e r e n c e s  be tw een  t h e
b la n k  v a lu e  and t h e  o p t i c a l  d e n s i t y  a f t e r  o v e r n ig h t  
i n c u b a t i o n .  B lank  v a lu e s  were t y p i c a l l y  0 . 2 .
C o f a c to r  dependence  o f  t h e  l e u c i n e  2 , 3-am ino m u tase  r e a c t i o n .
( 3RS) - p - l e u c i n e  (10 m ole) was in c u b a te d  o v e r n i g h t  i n  
t h e  d a rk  w i th  t h e  c e l l - f r e e  sy s tem  (0 .8 m l)  c o n t a i n i n g  FAB 
( 0 .5  M), coenzyme A (0.5mM), NAB+ (0.5mM) and p y r i d o x a l  
p h o sp h a te  (0.5mM) i n  a  f i n a l  volume o f  l m l .  Coenzyme B 
(4-mM), S -a d e n o s y lm e th io n in e  (0.5mM) and i n t r i n s i c  f a c t o r  
(Im g) w ere  added to  t h e  i n c u b a t i o n  a s  r e q u i r e d .  I n c u b a t io n s  
w ere  t e r m in a t e d  by a d d i t i o n  o f  20$  p e r c h l o r i c  a c i d  (0 .1 m l)  
and t h e  amount o f  & c-leucine was d e te rm in e d  by t h e  n i n h y d r in  
method d e s c r ib e d  ab o v e .  The r e s u l t s  a r e  shown i n  t a b l e  4 , 
p93# B u p l i c a t e  e x p e r im e n ts  were r u n  t o  t e s t  f o r  t h e  
depen dence  on a l l  t h r e e  c o f a c t o r s .
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